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FOREWORD 


This  Interim  Technical  Documentary  Report  covers  the  work  per- 
fortned  under  Contract  AF33(657)-7276  from  20  November  1961  to 
20  February  1962.  It  is  published  for  technical  information  only  and 
does  not  necessarily  represent  the  recommendations,  conclusions  or 
approval  of  the  Air  Force. 

This  contract  with  the  Space  Systems  Division  of  the  Martin  Mari¬ 
etta  Corporation,  Baltimore,  Maryland,  was  initiated  under  ASD 
Manufacturing  Technology  Laboratory  Project  7-937,  "Development 
of  Manufacturing  Methods  for  Brazed  Refractory  Metal  Honeycomb 
Panels.  "  It  is  administered  under  the  direction  of  B.  E.  Price, 
Manufacturing  Technology  Laboratory,  Fabrication  Branch  (ASRCTF) 
and  P.  P.  Plank,  Flight  Dynamics  Laboratory,  Structural  Research 
Branch,  ASRMDS-21. 

Mr,  James  W.  McCown  of  Martin  Marietta' s  Structures  and  Ma¬ 
terials  Department  is  the  Principal  Investigator  for  the  program. 
Others  who  cooperated  in  the  research  and  in  the  preparation  of  the 
report  are:  C.  Wilks  and  L.  Gagola,  Structures  and  Materials  De¬ 
partment;  and  M.  M.  Schwartz,  Manufacturing  Research  and  Develop 
ment  Department. 
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ABSTRACT  SUMMARY  ASD-TDR-62-937 

Interim  Technical  Documentary  Report 


MANUFACTURING  METHODS  AND  DESIGN  PROCEDURES  FOR 
BRAZED  REFRACTORY  METAL  HONEYCOMB  PANELS 

James  W.  McCown 
et  al. 

MARTIN  MARIETTA  CORPORATION 


Honeycomb  sandwich  panels  using  molybdenum  and  columbium  core 
and  facings  can  be  brazed  to  provide  lightweight  structural  coverings  for 
high  temperature  application  on  an  aerospace  vehicle.  The  panel  con¬ 
figurations  selected  for  fabrication  simulate  a  hot  structural  and  a  ra¬ 
diant  heat  shield  application.  Manufacturing  processes  and  procedures 
developed  in  the  program  will  be  used  to  fabricate  test  panels.  Elevated 
temperature  tests  will  determine  thermal  and  structural  capabilities  of 
the  test  panels. 

TZM  (Mo-0.5Ti-0.08Zr)  molybdenum  and  D-36  (Cb-10Ti-5Zr)  colum¬ 
bium  alloys  were  chosen  for  use  on  the  program.  Available  oxidation 
protection  coatings  will  be  selected  to  protect  the  panels  during  high 
temperature  testing. 

Special  tools  and  procedures  were  developed  to  fabricate  the  honey¬ 
comb  core.  All  molybdenum  welding  will  be  accomplished  by  electron 
beam  welding.  A  4200®  F  cold-wall  vacuum  furnace  will  be  used  to 
braze  the  honeycomb  test  panels. 

A  quartz -lamp  facility  will  be  used  to  heat  the  panels  for  structural 
testing.  Thermal-cyclic  and  sonic  fatigue  tests  will  be  performed  on 
heat  shield  test  panels.  A  4000®  F  cold-wall  vacuum  test  chamber  will 
be  used  to  determine  material  and  honeycomb  properties. 
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Symbols 


a,  b  =  Length  of  panel  edge 

c  =  Subscript  denoting  "core"  or  "compression" 

cr  =  Subscript  denoting  critical 

D  =  Sandwich  panel  bending  stiffness 

for  thin  facings  of  similar  material 

D  -E*  th^ 

°  "  T\ 

E  =  Young’s  modulus  of  elasticity 
=  Tangent  modulus  of  elasticity 
E’  *  Effective  modulus  of  elasticity 
F  =  Allowable  stress 

f  =  Calculated  stress;  subscript  denoting  facing 
G  =  Modulus  of  rigidity 
h  =  Distance  between  facing  centroids 

I  =  Moment  of  inertia  of  honeycomb  panel  per  inch  of  width 
M  =  Bending  moment 
MS  =  Margin  of  safety 
N  =  Load  per  unit  length  of  edge 
q  =  Intensity  of  distributed  load 

s  =  Core  cell  size,  subscript  to  stress  denoting  "shear" 
t  =  Thickness 

u  ■  Subscript  to  stress  denoting  "ultimate" 
y  =  Subscript  to  stress  denoting  "yield" 


p  ■  Poisson's  ratio 

p  «=  Density 


ER  12249 


XI 


CONTENTS 

Page 

Notices . iii 

Forewf' '<1 . v 

Abstract -Summary .  vli 

Symbols .  lx 

1.  Introduction .  1 

U.  Program  Review  and  Discussion .  2 

A.  Materials  Survey  and  Selection .  2 

B.  Preliminary  Design  and  Analysis  Study .  5 

C.  Oxidation  Protection  Coating  Survey .  11 

D.  Brazing  Study  and  Evaluation .  13 

E.  Manufacturing  Process  Development . 20 

F.  Panel  Test  Methods .  21 

III.  Conclusions .  23 

IV.  Program  Management .  24 

V.  Future  Work .  25 

VI.  References .  26 

Appendix  A-“Illustratlons .  A-I 

Appendix  B- -Analysis  of  Thermal  Gradient  Through  Panels .  B-l 

Appendix  C--Structural  Design  of  Heat  Shields . ; .  C-1 

Appendix  D- -Test  Panel  Design  Drawings .  D-1 


ER  12249 


I.  INTRODUCTION 


The  purpose  of  this  program  is  to  establish 
design  criteria  and  to  develop  manufacturing 
methods  for  brazed  refractory  metal  honeycomb- 
sandwich  panels.  The  panels  developed  in  this 
program  are  to  be  suitable  for  application  on 
aerospace  vehicles  as  either  hot  structure  or  ra¬ 
diant  heat  shields. 

The  program  is  currently  in  Phase  I  of  a 
three-phase  program:  Phase  I,  Preliminary 
Studies;  Phase  II,  Panel  Manufacturing  and  Test¬ 
ing;  and  Phase  III,  Test  Analysis. 

Phase  I  consists  of  preliminary  studies  neces¬ 
sary  for  the  manufacturing  and  testing  of  honey¬ 
comb-sandwich  panels  and  includes:  (1)  a  mate¬ 
rials  survey  of  the  present  state  of  the  art  in  re¬ 
fractory  metals  to  select  one  columbium  and  one 
molybdenum  alloy  for  use  in  this  program;  (2)  pre¬ 
liminary  structural  design  and  analysis  studies  to 
establish  test  panel  configuration  and  to  predict 
thermal  response;  (3)  a  braze  alloy  study  and 
evaluation  to  determine  the  best  available  braze 
alloys  for  use  in  manufacturing  the  test  panels; 

(4)  a  survey  of  the  available  oxidation -protection 
coatings  in  order  to  select  coating  systems  for 
use  on  the  test  panels;  (5)  manufacturing  process 
studies  to  develop  procedures  necessary  to  make 
the  test  panel  details  and  to  braze  the  panels;  and 
(6)  studies  of  electron  beam  welding  procedures 
for  manufacturing  molybdenum  honeycomb  core. 


All  honeycomb  core  will  be  manufactured  in 
Phase  I  of  the  program. 

Phase  II  consists  of  the  fabrication  and  ex¬ 
perimental  evaluation  of  the  honeycomb-sandwich 
panels.  The  first  step  will  be  to  formulate  the 
manufacturing  plans  and  to  write  the  required 
process  specifications  and  procedures.  All  manu¬ 
facturing  tooling,  detail  fabrication  and  panel 
brazing  will  be  completed  in  this  phase.  .4fter 
the  panels  are  brazed,  oxidation  protection  coat¬ 
ings  will  be  applied.  The  completed  panels  will 
then  be  tested  in  air  at  temperatures  representa¬ 
tive  of  re-entry  heating  to  determine  panel  struc¬ 
tural  strength  and  thermal  resistance.  Portions 
of  these  panels  will  be  cut  into  small  specimens 
and  tested  in  vacuum  to  determine  material  and 
honeycomb  properties. 

Phase  III  of  the  program  consists  of  analyzing 
the  test  results  and  manufacturing  processes 
to  determine  the  structural  strength,  thermal 
capabilities  and  manufacturing  reliability.  De¬ 
sign  methods  and  procedures  will  be  established 
for  brazed  refractory  metal  honeycomb-sand¬ 
wich  panels.  These  methods  will  incorporate 
material  properties  and  analytical  methods  into 
design  charts  and  curves  for  panel  design. 
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II.  PROGRAM  REVIEW  AND  DISCUSSION 


A.  MATERIALS  SURVEY  AND  SELECTION 

Prior  to  selecting  one  columbium  and  one 
molybdenum  alloy  for  this  program,  the  prop¬ 
erties,  fabricability  and  availability  of  columbium 
and  molybdenum  alloys  were  reviewed  in  the 
literature  [l  -  16]  ♦  and  in  discussions  with  tech¬ 
nical  personnel  of  producers  and  other  labora¬ 
tories.  Selection  was  based  on  a  technical  eval¬ 
uation  of  all  available  information.  The  selected 
alloys  will  be  tested  upon  receipt  of  materials. 

The  scope  and  intent  of  the  program  limit 
the  selection  to  currently  available  alloys.  Nei¬ 
ther  funding  nor  time  has  been  allocated  for  any 
development  effort.  Candidate  alloys  must  be 
producible  in  the  thin  sheet  and  foil  gages  re¬ 
quired  for  this  program.  This  requirement  elim¬ 
inates  from  consideration  those  alloys  which  are 
basically  bar  and  forging  materials,  or  those 
limited  to  heavy  gage  sheet  at  this  time. 

1.  Columbium  Alloys 

Table  1  summarizes  those  columbium  alloys 
of  potential  interest  for  this  program.  Alloys 
which  are  presently  available  only  as  bar  and 
forging  materials,  and  alloys  in  the  laboratory 
development  stage  are  not  included.  Unalloyed 
columbium  and  the  Cb-lZr  alloy  are  also  omitted 
because  of  strength  considerations.  The  D-31 
(Cb-lOTi-lOMo)  alloy  has  not  been  included  be¬ 
cause  of  the  welding  problems  associated  with 
this  material. 

The  short-time  properties  of  these  alloys 
may  be  compared  in  Fig.  1  (Ultimate  Tensile 
Strength  Versus  Temperature)  and  Fig.  2 
(Strength/ Weight  Versus  Temperature).  True 
comparisons  of  the  columbium  alloys  are  com¬ 
plicated  by  the  variety  of  test  conditions,  strain 
rates  and  specimen  conditioning  prior  to  testing. 
In  many  cases,  the  volume  of  available  data  is 
considerably  less  than  is  desirable  for  adequate 
evaluation.  Relative  rauikings,  however,  can 
be  made  and  marked  differences  are  readily 
apparent. 

Structurally,  the  stronger  alloys  are  of  pri¬ 
mary  interest.  F-48  is  the  strongest  alloy,  fol¬ 
lowed  by  Cb-752.  The  remaining  alloys  exhibit 
more  moderate  strengths  and,  on  a  strength-to- 
weight  basis,  fall  within  a  relatively  narrow  band 
in  the  temperature  range  of  interest  (2100°  to 
2800°  F). 

For  consideration  in  this  program,  thin  sheet 
and  foil  gages  must  be  presently  available.  This 
criterion  virtually  eliminates  from  consideration 
the  stronger  columbium  alloys.  Thin  sheet  and 
foil  gages  appear  beyond  the  present  state  of  the 
art  for  F-48.  There  seem  to  be  no  insurmount¬ 
able  problems  in  rolling  the  required  gages  in 

♦  Numbers  in  brackets  refer  to  the  list  of  ref- 
erences  appended  to  this  report. 


Cb-752,  but  a  funded  program  and  three  to  five 
months  of  effort  are  indicated  [l6]  to  achieve 
this.  This  would  require  an  extension  of  the 
program  because  of  the  long  delivery  time;  un¬ 
foreseen  problems  could  jeopardize  the  extended 
schedule.  Although  consideration  of  this  alloy 
for  the  program  itself  is  considered  premature, 
inclusion  of  this  alloy  to  whatever  extent  possi¬ 
ble  in  the  brazing  program  would  be  advanta¬ 
geous  for  later  application. 

Selection  of  the  columbium  alloy  for  the  pro¬ 
gram  must  necessarily  be  restricted  to  the  more 
moderate  strength  alloys.  These  include  l>S-82 
(Cb-33Ta-0.75Zr),  D-14  (Cb-5Zr),  D-36  (Cb- 
10Ti-5Zr)  and  B-33  (Cb-4V).  Because  similar 
strength-to-weight  ratios  characterize  these 
alloys  in  the  temperature  range  of  interest,  this 
factor  can  be  largely  discounted  in  the  final  al¬ 
loy  selection.  These  alloys  can  be  made  in  thin 
sheet  and  foil  gages,  but  this  has  been  accom¬ 
plished  only  on  a  limited  scale,  except  for  the 
"older"  FS-82  alloy.  No  real  problems  are 
anticipated,  however,  in  the  production  of  any 
of  these  alloys  in  the  required  sheet  and  foil 
gages. 

F51-82  has  the  advantage  of  greater  user  and 
producer  experience,  but  the  lower  densities 
(0.28  to  0.306  Ib/cu  in.)  of  the  newer  alloys 
compared  to  FS-82  (0.37  Ib/cu  in.)  enhance  their 
attractiveness,  particularly  where  minimum  gages 
characterize  design.  The  heat  shield  panels  in 
this  program  are  in  this  category;  the  lower 
density  alloys  will  reduce  the  weight  of  these 
panels  by  17  to  24%  when  compared  to  the 
FS-82  alloy. 

From  the  three  lower  density  alloys,  D-36 
was  selected  and  approved  as  the  columbium  al¬ 
loy  to  be  used.  The  improved  oxidation  coating 
capability  of  the  alloy  associated  with  its  high 
titanium  content  was  a  dominant  factor  in  the 
final  selection. 

2.  Molybdenum  Alloys 

Table  2  lists  the  molybdenum  alloys  (Mo- 
0.5Ti  and  TZM)  of  interest  for  this  program.  As 
stated  for  columbium,  alloys  which  are  presently 
available  only  as  bar  and  forging  materials,  or 
those  in  the  laboratory  stages  of  development, 
are  not  included. 

Strengthening  of  molybdenum  is  accomplished 
primarily  by  cold  working  [9]  .  Recrystalliza¬ 
tion  of  the  material,  with  attendant  embrittlement 
and  weakening,  must  be  avoided  during  processing 
and  subsequent  service  exposure  if  the  enhanced 
properties  from  cold  working  are  to  be  maintained. 
For  .structural  panels,  rccr^ .stallization  should 
be  avoided  to  provide  optimum  performance;  for 
heat-shield  panels,  this  is  desirable  but  not  es¬ 
sential.  Resistance  to  recrystallization  is  the 
primary  consideration  in  the  selection  of  molyb¬ 
denum,  contingent  again  on  availability  in  thin 
sheet  and  foil  gages. 
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Westinghouse  Electric  B-33  Cb-4V  Sheet  and  foil  can  be  obtained. 
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The  short-time  tensile  strength  as  a  func¬ 
tion  of  temperature  is  shown  in  Fig.  3  for  the 
Mo-O.STi  and  TZM  (Mo-0.5Ti-0.08Zr)  alloys. 

The  directly  comparable  data  were  obtained  on 
bar  rather  than  sheet,  but  they  serve  to  illustrate 
the  higher  strength  and  improved  resistance  to 
recrystallization  of  the  TZM  alloy  compared  to 
Mo-0.5Ti.  Resistance  to  recrystallization  is, 
of  course,  time -dependent.  It  is  also  sensitive 
to  purity,  amount  and  temperature  of  working 
and  concurrent  straining  during  annealing.  One 
available  comparison  [l,  3]  ,  utilizing  compara¬ 
ble  processing,  showed  that  recrystallization  of 
the  TZM  alloy  occurred  at  a  temperature  150“  F 
above  that  for  Mo-0.5Ti. 

Figure  3  also  includes  two  additional  curves 
for  TZM  sheet.  The  test  data  [6]  pertain  to 
sheet  that  received  about  90%  warm -cold  work 
during  final  processing,  which  is  not  represen¬ 
tative  of  optimum  conditions  for  this  alloy.  The 
proposed  minimum  sheet  properties  are  taken 
from  a  tentative  specification  [15]  for  TZM 
where  liigh  strength  is  an  important  requirement. 

TZM  is  the  more  desirable  alloy  for  service 
above  2000*  F  if  it  can  be  obtained  in  the  required 
sheet  and  foil  gages.  Until  recently,  only  Mo- 
0.5Ti  has  been  available,  but  TZM  now  has  been 
rolled  to  foil  gages.  The  TZM  alloy,  therefore, 
has  been  selected  and  approved  as  the  molyb¬ 
denum  alloy  for  this  program. 


B.  PRELIMINARY  DESIGN  AND  ANALYSIS 
STUDY 

The  purpose  of  the  preliminary  design  and 
analysis  study  is  to  establish  test  panel  config¬ 
urations.  Such  panel  configurations,  in  addition 
to  being  suitable  for  testing  also  should  be  rep¬ 
resentative  of  an  aerospace  vehicle  application. 
The  test  panels  will  be  designed  to  simulate  two 
different  types  of  vehicle  applications;  one  for  a 
hot  structure  and  the  other  foi’  a  radiant  heat 
shield. 

The  hot  structural  application  requires  that 
the  refractory  metal  honeycomb  withstand  struc¬ 
tural  loading  throughout  the  temperature  spec¬ 
trum  of  the  vehicle.  Such  an  application  is  lim¬ 
ited  by  the  strength  and  ductility  of  the  refractory 
material.  On  the  other  hand,  the  heat  shield  re¬ 
quires  only  a  limited  amount  of  load -carrying 
ability,  but  must  be  able  to  withstand  the  ex¬ 
tremely  high  temperatures.  At  present,  oper¬ 
ating  temperatures  of  heat  shields  are  limited 
by  the  available  oxidation  coatings. 

In  this  section,  design  information  is  presented 
in  the  form  of  design  curves  and  charts. 

1.  Material  Properties 

The  scarcity  and  questionable  reliability  of 
basic  materials  data  have  been  mentioned  pre¬ 
viously.  To  be  able  to  carry  out  the  design  study 
at  this  time,  however,  basic  performance  data 
had  to  bo  selected  on  the  basis  of  available  in¬ 


formation.  When  better  data  are  obtained,  the 
analysis  will  be  revised  accordingly. 

The  material  tensile  strengths  [11,  17]  se¬ 
lected  for  the  test  panel  design  are  those  plotted 
in  Figs.  1  and  3  for  D-36  and  TZM  bar.  Shear 
ultimate  strengths  were  estimated  to  be  50%  of 
the  tensile  ultimate  strength,  and  compressive 
ultimate  strengths  were  assumed  equal  to  the 
tensile  ultimate  strengths. 

The  stability  design  of  the  test  panel  requires 
the  use  of  an  effective  modulus  of  elasticity. 

This  term  is  used  for  stability  design  in  the 
elasto-plastic  region.  The  effective  modulus 
used  in  this  study  is 

2E  E, 

tri  -  ^ 


where 

E  =  Young's  modulus  of  elasticity 

E^  =  Tangent  modulus  of  elasticity. 

To  determine  the  effective  modulus  at  the  tem¬ 
peratures  required  in  test  panel  design,  it  was 
necessary  to  select  stress-strain  curves  at  var¬ 
ious  temperatures.  Stress-strain  curves  were 
reported  up  to  2400“  F  for  TZM  [l7]  .  Young's 
modulus  values  were  obtained  on  D-36,  but  stress - 
strain  data  are  not  available.  Predicted  stress- 
strain  curves  for  D-36  were  based  on  Young's 
modulus  and  the  strengths  at  0.001  and  0.002 
strain  and  the  ultimate  strengths  reported  [1 1]  . 
The  shape  was  chosen  to  be  similar  to  that  re¬ 
ported  for  FS-82  by  Fansteel  Metallurgical  Cor¬ 
poration. 

Plots  showing  the  variation  with  temperature 
of  Young's  modulus  of  elasticity  and  the  modulus 
of  rigidity  are  given  in  Fig.  4  for  TZM  molybdenum 
and  in  Fig.  5  for  D-36  columbium. 

2.  Honeycomb  Core  Properties 

The  mechanical  properties  of  columbium  and 
molybdenum  honeycomb  cores  were  predicted  by 
means  of  simple  theoretical  formulae.  The  cores 
used  for  the  test  panels  will  be  square-cell  welded 
honeycomb.  Reduction  factors  were  applied  to 
core  material  properties  to  provide  a  reasonable 
margin  of  safety  in  core  strength. 

Honeycomb  core  densities  were  calculated 
from  the  formula 

2  t 

Pc=“i-^P  (1) 

where 

t  =  honeycomb  foil  thickness 

c 

s  =  honeycomb  cell  size  (distance  between 
parallel  faces) 
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p  =  material  density, 

A  nomograph  was  constructed  for  determining 
the  honeycomb  core  density  (Fig.  8).  Separate 
curves  are  shown  for  the  columbium  and  molyb¬ 
denum  alloys  selected.  A  comparative  curve  is 
shown  for  steel. 


where  G  is  the  modulus  of  rigidity  of  the  honey¬ 
comb  core  material.  The  modulus  of  rigidity 
was  derived  from  the  relationship: 


The  shear  strength  of  the  honeycomb  core 
was  calculated  from  the  formula 


F 


s 


(2) 


where  F  is  the  shear  strength  of  the  material 
s  u 

used  for  the  honeycomb  core.  The  shear  strength 
of  the  material  was  assumed  to  be  50%  of  the  ten¬ 
sile  yield  strength  at  0.1%  offset  for  the  TZM  and 
50%  of  the  ultimate  tensile  strength  for  D-36. 

The  yield,  rather  than  ultimate,  strength  of  the 
TZM  was  used  as  a  basis  in  order  to  account  for 
loss  of  properties  because  of  partial  recrystal¬ 
lization  of  the  highly  worked  foils.  Although  the 
shear  strength  should  actually  be  closer  to  607o 
of  the  tensile  strength,  a  50%  factor  was  used  to 
provide  for  other  contingencies.  For  example, 

Eq  (2)  assumes  that  the  honeycomb  cell  walls 
remain  rigid  to  failure  and  do  not  buckle  in  a 
tension  field  web  effect.  In  most  honeycomb  corqs, 
the  tension  field  web  effect  occurs  prior  to  failure. 
Thus,  the  equation  will  generally  indicate  higher 
strength  values  than  can  be  obtained  in  tests. 

Also,  the  amount  of  braze  node  flow  can  lower 
the  core  shear  strength  seriously.  The  estimate<| 
core  shear  strengths  are  shown  in  Fig.  9. 

The  flatwise  compressive  strength  of  the 
honeycomb  core  was  calculated  from  the  formula 


F 


g 


(3) 


where  Poisson's  ratio  p  was  assumed  to  be  0.3. 
Equation  (4)  gives  only  an  approximate  core  shear 
modulus.  The  amount  of  braze  node  flow  can 
make  as  much  as  50%  difference  in  the  core  shear 
modulus.  This  not  only  makes  core  shear  modulus 
hard  to  predict,  but  makes  it  almost  impossible 
to  get  consistent  test  data  for  evaluation.  The 
core  shear  modulus  is  one  of  the  most  important 
parameters  in  honeycomb  design.  In  order  to 
allow  for  any  unpredictable  errors,  a  reduction 
factor  of  0.  6  is  used  in  Eq  (4)  to  give  honeycomb 
design  values.  The  estimated  honeycomb  core 
shear  moduli  are  shown  in  Fig.  11. 

The  flatwise  compressive  modulus  of  the 
honeycomb  core  was  calculated  from  the  formula 

Pc 

E  =  0.4_  E  (5) 

c  p 

where  E  is  the  modulus  of  elasticity  of  the  honey¬ 
comb  core  material.  This  formula  generally 
gives  high  moduli  because  of  the  early  buckling 
of  the  honeycomb  cell  walls.  Again,  for  design 
purposes,  a  reduction  factor  of  0.4  is  used.  The 
estimated  flatwise  compressive  modulus  of  the 
honeycomb  core  is  shown  in  Fig.  12. 

The  welded  square-cell  honeycomb  core  used 
for  the  test  panels  is  assumed  to  be  isotropic,  a 
very  reasonable  assumption  with  honeycomb  core 
of  this  type.  The  node  flow  of  the  braze  alloy  de¬ 
creases  the  variation  of  the  core  properties  with 
ribbon  direction.  In  general,  this  variation  is 
less  than  is  experienced  in  normal  test  scatter 
of  honeycomb  sandwich  tests. 


where  F^^  is  the  compressive  yield  strength  of 

the  material  used  for  the  honeycomb  core.  In 
the  same  spirit  as  the  foregoing,  the  compres¬ 
sive  yield  strength  of  the  material  was  assumed 
to  be  equal  to  tensile  yield  strength  at  0.1%  off¬ 
set  for  the  TZM  and  equal  to  the  tensile  ultimate 
strength  for  the  D-36.  Equation  (3)  will  yield 
only  approximate  values  for  the  flatwise  compres¬ 
sive  strength  of  the  honeycomb  core.  The  equa¬ 
tion  assumes  that  the  honeycomb  cell  walls  re¬ 
main  rigid  to  failure  although  the  core  walls  ac¬ 
tually  buckle  at  a  fairly  low  stress  and  the  mate¬ 
rial  in  the  core  nodes  takes  most  of  the  load. 

The  amount  of  braze  node  flow,  therefore,  usually 
balances  out  the  loss  due  to  buckling.  The  esti¬ 
mated  compressive  honeycomb  strengths  are 
shown  in  Fig.  10. 

The  honeycomb  core  shear  modulus  was  cal¬ 
culated  from  the  formula 


An  interaction  curve  for  shear  and  compres¬ 
sion  in  the  honeycomb  core  is  given  in  Fig.  13. 
This  curve  is  used  to  determine  allowable  stress 
es  when  the  honeycomb  core  is  subjected  to  com¬ 
bined  loads. 

3.  General  Instability  Design 

The  general  design  formula  for  panels  with 
isotropic  face  of  similar  material  of  equal  thick¬ 
ness  is 


F 


K 


2 


(6) 


where 

F  is  the  critical  stress 
cr 

K  *  Kf  +  K 
f  m 


G  »  0,6 
c 


t 


_c 

s 


G 


Kj.  is  a  theoretical  coefficient  dependent  on 
facing  stiffness  and  panel  aspect  ratio; 
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is  a  theoretical  coefficient  dependent  on 
sandwich  bending  and  shear  rigidities  and 
panel  aspect  ratio. 


E'  is  the  effective  compressive  modulus 
of  elasticity. 


wavelength,  submitting  the  weak  core  to  high 
shear  stress.  The  core  will  fail  in  shear,  reliev 
ing  ihe  stress  in  the  facings.  This  will  usually 
allow  the  remainder  of  the  panel  to  return  to  its 
original  shape,  leaving  the  shear  crimp  as  the 
only  apparent  failure.  To  ensure  against  this 
type  of  failure,  the  panel  should  be  designed  to 
be  stable  at  ultimate  load. 


A  direct  solution  of  Eq  (6)  is  impossible  because 
of  the  dependency  of  E'  on  To  allow  for  a 

direct  solution  the  equation  will  be  modified  to: 


F 

cr 


K 


(7) 


The  left  side  of  Eq  (7)  is  a  function  of  the  mate¬ 
rial  property  and  is  plotted  in  Figs.  6  and  7  for 
TZM  and  D-36;  the  right  side  is  essentially  a 
function  of  the  panel  geometry. 


The  general  instability  equation  (Eq  (7))  is 
applicable  either  to  shear  instability  or  compres¬ 
sion  instability.  This  is  accomplished  by  using 
the  proper  coefficient  "K"  for  either  shear  or 
compression.  For  determination  of  K,  the  test 
panels  were  assumed  to  have  simply  supported 
ends  and  edges  and  an  aspect  ratio  of  1.0.  For 
the  test  panels,  is  sufficiently  small  that  it  is 

assumed  to  be  equal  to  zero.  The  coefficient  K„ 
^  m 

is  a  function  of  the  panel  aspect  ratio  and  the 

parameter 


V  = 


1T^  t^  t 


2  X.b'^ 


as  given  in  Part  III  of  MIL-HDBK-23. 


4.  Local  Instability 

A  local  instability  failure  occurs  when  the 
braze  or  the  core  fails,  causing  the  facings  to 
buckle  at  some  limited  or  local  area  in  the  panel. 
There  are  two  basic  types  of  failures  that  can 
occur: 

Intercellular  dimpling.  An  intercellular 
dimpling  failure  occurs  when  the  facing  sheet 
buckles  within  the  cell  diameter  (Fig.  20).  This 
type  of  failure  is  associated  with  thin  skins  and/ 
or  large  core  cell  sizes.  The  critical  facing 
stress  (from  Eq  (8)): 


^c  /t 

0.764  (-Xj  (8) 


where 

t^  ®  facing  thickness 
s  »  core  cell  size 

is  given  in  Figs.  21  and  22  for  TZM  and  D-36, 
showing  the  effects  of  facing  thickness,  cell  size 
and  temperature.  Equation  (8)  is  empirical.  It 
was  written  to  fit  all  available  test  data  as  well 
as  possible,  and  appears  to  give  reasonable  crit¬ 
ical  dimpling  stress. 


The  following  iterative  procedure  was  used 
to  determine  the  required  value  of  effective  panel 
depth  h  to  stabilize  the  panel.  Curves  required 
for  the  determination  of  K  from  V  are  given  in 
Part  III  MIL-HDBK-23.  The  term  V  is  initially 
assumed  to  be  zero  and  K  is  determined.  Then 
Eq  (7)  is  used  to  determine  the  value  of  h.  Con¬ 
vergence  is  obtained  in  a  few  cycles  of  iteration. 

Design  plots  were  made  for  both  shear  and 
compression  instability.  These  plots  show  critical 
stress  versus  core  thickness  with  several  curves 
for  various  temperatures.  The  compressive  plots 
are  shown  in  Figs.  14  and  15  and  the  shear  plots 
in  Figs.  16  and  17.  The  plots  indicate  that  there 
is  an  effective  core  thickness  after  which  any 
increase  is  structurally  inefficient.  In  order  to 
demonstrate  this,  a  new  plot  was  made  showing 
strength-to-weight  ratio  versus  core  thickness 
(Figs.  18  and  19).  Various  curves  are  shown  on 
this  plot  for  separate  facing  thicknesses. 

The  honeycomb  panel  failing  in  compression 
or  shear  instability  will  sometimes  have  a  final 
failure  in  the  form  of  a  shear  crimp  (Fig.  20). 

This  is  a  result  of  the  panel  buckling  in  short 


Face  wrinkling.  A  face  wrinkl*  .g  failure  oc- 
curs  when  the  braze  or  core  strength  is  insuf¬ 
ficient  to  stabilize  the  facing.  This  type  of  failure 
usually  occurs  in  a  small  local  area,  with  the  fac¬ 
ing  buckling  into  the  core  if  tbe  core  strength  is 
insufficient,  or  with  the  facing  buckling  away  fi-om 
the  core  if  the  braze  strength  is  insufficient  (B’ig. 
20).  This  type  of  failure  is  associated  with  low 
braze  strength  or  core  strength.  There  are  no 
acceptable  design  procedures  for  face  wrinkling. 
Current  recommendation  in  MIL-HDBK  23  calls 
for  tests  to  establish  face  wrinkling  strength. 

The  face  wrinkling  strength  is  dependent  on 
the  braze  strength  and  core  compressive  strength, 
and  is  directly  dependent  on  the  size  of  the  braze 
fillet.  Braze  fillet  affects  the  face  wrinkling 
strength  in  two  ways;  first,  by  giving  more  braze 
contact  area  to  resist  tension  and  secondly,  by 
adding  better  support  to  the  honeycomb  core  so 
that  it  may  be  stressed  to  a  higher  load  prior 
to  buckling.  It  is  exceedingly  difficult  to  obtain 
uniform  fillet  size  from  panel  to  pane),  making 
it  almost  impossible  to  obtain  controllable  test 
results  with  which  an  acceptable  empirical  equa¬ 
tion  could  be  written.  Exactly  what  mechanism 
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causes  the  first  failure  is  also  unknown.  A  usual 
case  is  where  a  thin-faced  sandwich  panel  starts 
to  have  elastic  or  plastic  dimpling  of  the  facings. 
This  causes  increased  stress  in  the  core  and 
braze  alloy,  which  leads  to  a  face  wrinkling  fail¬ 
ure;  the  failed  panel  appears  to  have  a  face  wrin¬ 
kling  failure,  while  the  original  failure  mechanism 
was  that  of  intercellular  dimpling. 

Since  there  are  no  acceptable  procedures  to 
design  for  face  wrinkling,  the  best  practice  is 
to  make  the  ratio  of  the  core  density  to  facing 
thickness  similar  or  larger  than  that  found  on 
brazed  panels  where  there  are  sufficient  data. 

If  the  core  and  braze  strength  are  sufficiently 
high,  then  the  facing  can  be  stressed  to  ultimate 
strength  before  failure  occurs.  The  problem  is 
to  determine  what  is  "sufficiently  high  core 
strength."  The  strength  can  be  increased  by 
using  a  denser  or  stronger  core,  but  for  a  given 
temperature  and  braze  alloy,  the  only  way  to  in¬ 
crease  braze  fillet  strength  is  to  decrease  the 
core  cell  size,  thus  increasing  the  braze  contact 
area  to  give  more  braze  strength. 

A  3/ 16 -inch  square  cell  honeycomb  core  made 
from  0.002 -inch  thick  foil  was  chosen  for  the 
test  panel  design.  This  design  should  provide 
sufficient  core  strength  to  prevent  a  local  in¬ 
stability  failure  from  crushing  the  core. 

5.  Strength-to-Weight  Study 

A  study  was  made  to  demonstrate  the  effect 
of  panel  core  thickness  on  the  ratio  of  strength- 
to-weight  for  general  instability  failure.  The 
weight  of  the  braze  alloy  was  not  included  in  this 
study,  as  it  does  not  ordinarily  vary  with  core 
thickness,  and  can  therefore  be  considered  as  a 
constant  additive  weight. 

The  results  of  these  calculations  for  a  tem¬ 
perature  of  2200*  F  are  given  in  Figs.  18  and  19, 
which  show  variation  of  the  strength-weight  ratio 
with  core  thickness  for  several  facing  thicknesses. 
In  every  case,  there  exists  a  core  thickness  which 
produces  the  highest  strength-to-weight  ratio. 

The  calculations  also  were  made  for  other  tem¬ 
peratures,  and  the  resulting  optimum  core  thick¬ 
nesses  were  found.  Overall  results  are  given 
in  Figs.  23  and  24  and  show  the  optimum  core 
thickness  and  resulting  compressive  strength  of 
the  test  panel  at  various  temperatures  and  facing 
thicknesses. 

6.  Thermal  Stress  Discussion 

An  investigation  has  been  made  of  the  ability 
of  a  sandwich  panel  to  withstand  thermal  stress 
caused  by  a  thermal  gradient  through  the  panel. 

A  configuration  of  a  continuous  sandwich  panel 
over  simple  supports  was  assumed  such  as  would 
be  found  on  a  vehicle  surface  of  panels  with  mo¬ 
ment  continuity  across  supports  at  spars  or  bulk¬ 
heads. 

The  following  conditions  were  assumed: 


(1)  The  covering  was  heated  uniformly 
over  the  surface.  Consequently,  the 
only  thermal  gradient  was  through, 
not  along  the  sandwich  panels.  The 
thermal  stresses,  therefore,  resulted 
only  from  the  difference  in  uniform 
temperature  between  the  inner  and 
outer  sandwich  facings. 

(2)  Thermal  bending  of  the  sandwich  panel 
was  prevented  by  the  clamped-edge 
effect  of  the  moment  continuity  between 
adjacent  panels  [18]  . 

(3)  The  supporting  substructure  did  not 
prevent  the  heated  panel  from  expand¬ 
ing  in  its  plane.  The  compressive  forces 
in  the  hotter  outer  facing  were  equili¬ 
brated  by  equal  and  opposite  forces 

in  the  colder  inner  facing.  Since  the 
inner  and  outer  facings  both  have  the 
same  thickness,  their  stresses  were 
equal  and  opposite. 

(4)  Poisson's  ratio  "p"  was  independent  of 
strain  and  temperature  and  equal  to 
0.3  for  both  facings. 

(5)  The  facings  had  isotropic  material 
properties. 

(6)  There  were  no  loads  applied  to  the 
panel,  hence  the  stresses  were  only 
those  resulting  from  the  temperature 
distribution. 

The  plane-stress  Eqs  [18 -a]  were  written 
as 

where 

a  *  linear  coefficient  of  thermal  expansion 
in. /in.  'F 

AT  =  difference  between  facing  tempei’ature 
and  70°  F 

E  *  secant  modulus  of  the  stress-strain 
curve  of  a  facing  at  its  specified  tem¬ 
perature,  psi. 

Due  to  isotropy  of  the  facings,  their  constraints 
and  their  temperatures. 


The  total  strains  for  the  inner  and  outer  facings 
became 

a  . 

«  =  At  +(I  -M)-^  (!la) 

111  ill 


and 
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®o 

respectively. 

The  total  strain  of  the  inner  facing  equaled 
that  of  the  outer  facing  according  to  assumption 
(2)  above,  so  that  expressions  (9a)  and  (9b)  could 
be  equated.  The  stress  of  the  inner  facing  was 
equal  and  opposite  to  that  of  the  outer  facing,  by 
assumption  (3),  Equations  (9a)  and  (9b)  were 
accordingly  combined  to  give  the  thermal  stress 
equation: 


Since  E_  and  E  were  functions  of  the  strains, 
s  s.  ' 

o  1 

was  not  directly  solvable  from  Eq  (10). 

Equation  (10)  has  been  solved  by  trial-and-error 
application  of  the  stress -strain  curves  of  the  inner 
and  outer  facings  at  their  various  temperatures. 
The  results  have  been  plotted  as  curves  of  stress 
versus  outer  facing  temperature  for  various  inner 
facing  temperatures  in  Figs.  25  and  26  for  TZM 
and  D-36,  respectively. 

It  may  be  seen  from  Figs.  25  and  26  that  the 
thermal  stresses  did  not  become  high  enough  to 
rupture  the  inner  facing.  However,  the  stresses 
in  the  outer  facing  caused  inelastic  strains  at 
the  higher  temperatures,  which  may  be  sufficient 
to  cause  inelastic  intercellular  dimpling.  The 
stresses  required  to  produce  such  dimpling  have 
been  plotted  in  Figs.  21  and  22  for  various  facing 
thicknesses,  cell  sizes  and  facing  temperatures. 

The  panel  thickness  did  not  enter  the  thermal 
stress  equation.  However,  the  thermal  strain 
differential  (a^  AT^  -  a.  ATj)  is  greater  for  thicker 

panels,  so  it  is  expected  that  greater  thermal 
stresses  would  occur  in  thicker  panels. 

7.  Test  Panel  Design 

The  structural  test  panel  designs  are  shown 
in  Drawings  No.  SK  46841  and  SK  46842  of  Ap¬ 
pendix  D  of  this  report.  The  heat  shield  designs 
are  shown  in  Drawings  No.  SK  46843  and  SK  46844. 
The  test  panels  were  designed  for  simplicity  and 
to  simulate  actual  aerospace  vehicle  application. 
Some  of  the  bend  radii  on  the  test  panel  edge 
members  and  facings  will  have  to  be  determined 
during  the  manufacturing  phase  of  the  program. 

"U"  channel  edge  members  on  the  structural 
panels  will  be  formed  and  welded  to  form  a  pic¬ 
ture  frame  prior  to  brazing.  The  honeycomb 
core  will  be  individually  matched  to  these  frames. 

A  0.5-inch  core  thickness  for  the  structural 
test  panels  was  selected  because: 


(1)  This  thickness  is  sufficient  to  stabilize 
the  panels  for  shear  and  compression 
testing. 

(2)  Strength-to-weight  studies  indicate 
this  core  thickness  to  be  near  optimum. 

(3)  Examination  of  all  factors  (Figs.  14 
through  19,  23  and  24)  and  past  ex¬ 
perience  indicate  that  any  increase  of 
core  thickness  over  approximately 

0.5  inch  would  have  little,  if  any,  effect 
on  the  test  panel  strength. 

All  panels  will  be  hermetically  sealed  by 
welding  to  protect  the  braze  alloy  from  the  oxida¬ 
tion-protection  coating  and  the  core  from  high 
temperature  air  during  testing. 

The  edges  on  the  structural  panel  are  adaptable 
to  either  a  bolted  or  welded  joint.  Edges  on  the 
heat  shield  panels  are  made  so  that  the  panels 
can  be  used  in  modular  construction  of  a  space 
vehicle  covering.  The  specially  designed  edges 
will  provide  for  a  minimum  gap.  This  type  of 
design  is  especially  adaptable  because  the  panel 
corners  do  not  have  to  meet  at  all  locations  in 
order  to  provide  a  simple  covering. 

For  simplicity,  and  in  order  to  provide  an 
excellent  comparison  between  TZM  molybdenum 
and  Dr36  columbium,  the  test  panels  were  de¬ 
signed  identical  for  both  alloys.  The  curved 
panels  are  designed  to  have  a  30.985-inch  radius 
of  curvature.  This  radius  should  provide  a  very 
reasonable  indication  of  the  ability  to  make  curved 
panels  but  is  not  too  small  to  make  panel  and 
small  specimen  testing  too  difficult  or  of  ques¬ 
tionable  value. 

The  heat  shield  panels  were  designed  with 
support  clips  and  an  access  hole  similar  to  those 
used  by  Bell  in  their  double-walled  structures 
program  [21]  .  These  clips  will  be  preassembled 
and  brazed  with  the  panel.  The  electron  beam 
welder  will  be  used  to  seal  all  exposed  braze 
joints. 

8.  Test  Panel  Analysis 

Structural  panels.  The  structural  panels  (see 
Drawings  No.  SK46841  and  SK46842)  were  de¬ 
signed  to  simulate  full-scale  space  vehicle  struc¬ 
tural  panels.  Panel  performance  will  be  eval¬ 
uated  by  elevated  temperature  tests.  However, 
actual  test  temperatures  of  the  panels  cannot  be 
determined  until  a  braze  alloy  is  selected  and 
evaluated.  The  results  of  the  design  study  indi¬ 
cate  that  the  maximum  efficient  structural  tem¬ 
perature  of  the  D-36  is  about  2100“  F.  The  max¬ 
imum  efficient  structural  temperature  of  the  TZM 
is  about  2400°  F,  if  a  braze  alloy  can  be  found 
with  a  higher  remelt  than  braze  temperature.  If 
not,  the  test  temperature  may  have  to  be  lowei-ed 
accordingly. 

The  compression-test  panels  should  be  stable 
to  ultimate  compressive  strength  of  the  material. 
Because  of  the  testing  at  high  temperature,  the 
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panels  will  probably  fail  in  face  wrinkling,  with 
the  face  buckling  away  from  the  core  and  the 
braze  failing  in  tension.  The  shear-test  panels 
should  fail  in  the  same  manner  as  the  compression 
panels. 

The  absence  of  sufficient  material  property 
data  makes  it  impossible  to  predict  accurately 
the  ultimate  strengths  of  the  test  panels.  Since 
there  are  no  aerospace  vehicle  loads  available 
with  which  to  compare  the  strengths,  margins 
of  safety  will  not  be  determined  for  the  struc¬ 
tural  panels. 

By  assuming  a  test  temperature  of  2100“  F 
for  D-36  and  2200“  F  for  the  TZM,  the  following 
critical  stresses  were  obtained  from  the  refer¬ 
enced  illustrations. 

(1)  General  instability 


Compression 


TZM 

F  =  56,500  psi 

^cr 

(Fig.  14) 

D-36 

F  =  18,000  psi 

^cr 

(Fig.  15) 

Shear 

TZM 

F  =  58,000  psi 

®cr 

(Fig.  16) 

D-36 

F  =  18,500  psi 

s 

cr 

(Fig.  17) 

Intercellular  dimpling 

TZM 

F  *  54,500  psi 

“^cr 

(Fig.  21) 

D-36 

F  =  17,500  psi 

'^cr 

(Fig.  22) 

The  critical  dimpling  stresses  as  calculated 
are  lower  than  the  general  stability  stress.  The 
lowest  critical  stress  is  felt  to  be  local  stability 
or  face  wrinkling  with  a  braze  failure  allowing 
the  facing  to  buckle  away  from  the  core. 

The  load -carrying  capacity  of  brazed  re¬ 
fractory  honeycomb  panels  used  as  a  hot  struc¬ 
ture  on  an  aerospace  vehicle  is  directly  affected 
by  any  thermal  stress  in  the  panels.  To  comple¬ 
ment  a  method  presented  previously  for  calcula¬ 
tion  of  thermal  stress,  an  analysis  by  Swann  and 
Pittman  [19  and  20]  was  programmed  for  the 
IBM  1620.  With  this  procedure,  a  thermal  gra¬ 
dient  through  a  honeycomb  panel  can  be  deter¬ 
mined  for  any  applied  time-temperature  input. 

Two  thermal  cycles  were  analyzed  for  both  the 
columbium  and  the  molybdenum  honeycomb  panels. 
The  primary  variable  in  the  analysis  procedure 
IS  honeycomb  panel  thickness.  With  this  analysis 
and  the  thermal  stress  analysis,  an  adequate 
evaluation  of  the  effect  of  panel  thickness  on 
thermal  stress  can  be  ascertained.  The  analysis 
is  presented  in  Appendix  B. 


Heat  shield  panels.  The  heat  shield  panels 
(see  Drawings  Nos.  SK  46843  and  SK  46844)  were 
designed  as  modular  elements  for  outer  surface 
heat  shields  on  a  space  vehicle  [21].  Present 
knowledge  concerning  material,  brazing  and 
oxidation  protection  coating  indicates  that  the 
heat  shield  panels  should  be  capable  of  service 
environment  at  or  near  3000“  F. 

The  primary  structural  load  in  the  heat  sliield 
panel  is  caused  by  the  dynamic  pressure  on  the 
outer  surface.  This  air  pressure  causes  bending 
stress  in  the  panel  and  shear  and  compression 
stress  in  the  honeycomb  core.  A  method  for  the 
stress  analysis  of  the  heat  shield  panels  is  pre¬ 
sented  in  Appendix  C.  Assuming  an  effective 
air  load  of  1.2  psi  at  3000“  F,  the  following  critical 
stresses  were  determined: 

(1)  Facing  stress 

TZM  f^  =  3000  psi  (Fig.  31) 

D-36  f^  =  3000  psi  (Fig.  31) 


(2)  Core  stress 


Compression 

TZM 

f  =  50 
g 

psi 

(Fig.  32) 

D-36 

f  =  50 
g 

psi 

(Fig.  32) 

Shear 

TZM 

f  =  35 
s 

psi 

(Fig.  33) 

D-36 

fs  =  35 

psi 

(Fig.  33) 

The  allowable  stresses  as 
mined  for  the  conditions  are: 

can  best  be  deter- 

(1)  Facing  stress 

Intercellular  dimpling 


TZM 

F’c 

cr 

=  6500  psi 

(Fig.  21) 

D-36 

F 

c 

cr 

=  3200  psi 

(Fig.  22) 

(2)  Core 

stress 

Compression 

TZM 

F  = 
g 

390  psi 

(Fig.  10) 

D-36 

F  = 
g 

100  psi 

(Fig.  10) 

Shear 

TZM 

F  = 
s 

180  psi 

(Fig.  9) 

D-36 

I^'s  = 

50  psi 

(Fig.  9) 
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The  following  margins  of  safety  were  deter¬ 
mined  for  the  heat  shield  test  panels: 

(1)  Facings 


TZM  MS  = 


1  = 


6500 

3000 

F 


D-36  MS  = 


-  1  =  +1.16 


-  1 


3200 


1  =  +0.06 


(2)  Core 


TZM  R  =  ^  = 


MS 


f 


s  Fg  ■ 


R 

0.83 

0.196 


3M 

35 


0.128 


0.196 


f 


1  *  +2.85  (Fig.  13) 


D-36  R  .  «  0.5 

g 
f 


R  • 


35 


0.7 


MS  -  -  1  «  +0.02  (Fig.  13) 


The  D-36  columbium  heat  shield  panels  are 
the  most  critical  structural  items.  It  was  orig¬ 
inally  believed  that  the  heat  shield  panels  should 
be  0.25  inch  thick  instead  of  the  0,375  used,  but 
the  0,25 -inch  thick  panel  resulted  in  negative 
margins. 


C.  OXIDATION  PROTECTION  COATING  SURVEY 


Protective  coatings  for  TZM  molybdenum  and 
D-36  columbium  will  be  required  for  the  panel 
test  exposure  conditions  in  this  program. 

Coatings  for  molybdenum  and  columbium  were 
reviewed  in  the  literature  [6,  22  to  36]  and  in 
discussions  with  technical  personnel  of  coating 
producers  and  other  laboratories.  While  the 
survey  is  complete,  the  information  obtained  is 
still  being  evaluated. 


1 .  Molybdenum 

No  attempt  was  made  to  review  in  detail  all 
of  the  coating  systems  which  have  been  studied 
for  the  protection  of  molybdenum  and  molybdenum 
alloys.  Preliminary  examination  revealed  that 
many  were  not  pertinent  to  the  program  require¬ 
ments.  Dthers  are  still  primarily  in  the  labora¬ 
tory  stage  and  not  yet  advanced  to  hardware  ap¬ 
plication.  Facilities  must  be  adequate  to  coat 
12  by  12  inch  panels  (16  by  16  inches  including 
attendant  test  fixturing). 

Coatings  for  molybdenum,  applicable  in  the 
temperature  range  of  interest,  primarily  are 
silicides  or  complex  silicides  obtained  by  alloy¬ 
ing  with  metallic  additions.  Such  coatings  have 
been  developed  by  Pfaudler  [25,  29]  ,  Vought 
[27]  ,  Chromalloy  [27,  34]  and  Chromizing 
Corporation  [27]  ,  Table  3  gives  a  summary  of 
the  potentially  applicable  coatings  foi-  molybdenum. 
The  ailiclde  types  are  generally  proprietary 
coatings  and  pack  cementation  is  employed  for 
application.  Comparative  data  for  similai’  test 
conditions  are  limited.  The  silicide-type  coatings 
are  vulnerable  to  edge  failure;  special  precau¬ 
tions  must  be  taken  to  round  edges  and  to  elim¬ 
inate  sharp  corners.  Reported  performance  of 
these  coatings  is  generally  adequate  in  the  ther¬ 
mal  environment  contemplated  for  the  tests  to 
be  conducted  in  this  program.  Coating  reliability 
is  more  difficult  to  assess,  particularly  with 
reference  to  the  correlation  of  test  data  on  coupon- 
type  specimens  with  performance  on  full-scale 
parts. 

The  Al-Sn  coating  system,  developed  by 
Sylcor  [30,  3l]  on  an  ASD  contract  to  protect 
tantalum,  appears  to  have  good  potential  for 
molybdenum.  Reliability  and  performance  at 
high  temperatures  appear  excellent.  Cyclic 
oxidation  tests  Were  conducted  in  a  plasma  jet 
facility  on  a  number  of  specimens  from  different 
batches  of  coated  material.  Coating  life  at  3100°  F 
ranged  from  13  to  22  five-minute  cycles  and 
averaged  18  five-minute  cycles  (1.5  hours). 
Specimens  were  cooled  to  room  temperature 
aher  each  heating  cycle.  Comparable  life  (17 
five-minute  cycles  at  3100°  F)  was  obtained  on 
a  specimen  with  a  1/ 16-inch  diameter  hole  drilled 
through  the  specimen  after  coating;  self-healing 
of  the  uncoated  edge  of  the  hole  was  appai-ently 
achieved  by  flow  of  the  liquid  phase  of  the  coating 
to  this  area  and  the  formation  of  the  required 
diffusion  layer  during  oxidation  testing.  Eventual 
failure  of  the  specimen  did  not  occur  at  thi.s  hole. 

Anomalies  in  lower  temperature  performance 
(furnace  exposure  at  2000*  to  2500°  F)  have  been 
observed.  No  immediate  failures  on  heating  to 
temperature  have  been  noted. 


Concurrent  with  this  program,  aluminum-tin 
coatings  for  the  protection  of  molybdenum  and 
molybdenum  alloys  have  been  separately  investi¬ 
gated. 


Edge  preparation  appears  unnecessary.  All 
coating  work  has  been  done  on  specimens  with 
as-sheared  edges,  and  edge  failures  have  not 
been  a  problem.  Scaling  up  appears  to  be  no 
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problem  technically,  requiring  only  vacuum 
heat  treat  facilities  of  adequate  size  for  the  parts 
to  be  coated.  Presently,  6  by  6  inch  sheets 
have  been  coated  and  subsequently  exposed  with¬ 
out  failure  to  6  five-minute  cycles  at  3000*  F 
in  a  quartz -Isunp  facility.  A  4 -inch  diameter 
disc  was  successfully  exposed  in  a  hot  gas  facility 
for  30  minutes  at  2300*  to  2750*  F  <Figs.  34 
and  35). 

2.  Columbium 

Major  research  and  development  on  protec¬ 
tive  coatings  for  columbium  is  relatively  new 
compared  to  that  of  molybdenum. 

Current  columbium  coating  systems  of  po¬ 
tential  interest  for  this  program  are,  as  in  the 
case  of  molybdenum,  largely  based  on  complex 
silicides  for  protection.  The  systems  are  in 
general  more  complex,  with  multi-layers  of  com¬ 
plex  chemistry  quite  common.  Application  tech¬ 
niques  vary  widely. 

Columbium  coatings  include  those  developed 
by  Vought  [32]  ,  Chromalloy  [34]  ,  Chromizing 
Corporation  [27]  ,  Pfaudler  [29]  ,  General 
Electric  [6]  ,  and  Thompson  Ramo-Wooldridge 
[  22,  33]  .  Table  4  gives  a  summary  of  the  po¬ 
tentially  applicable  coatings  for  columbium. 

Comparative  data  on  the  performance  of  six 
columbium  coatings  were  retried  on  an  ASD 
coating  evaluation  study  [22]  ,  but  several  of 
the  coatings  reportedly  have  been  improved 
since  this  study  was  completed.  The  Thompson 
Ramo-Wooldridge  coating  performed  best  under 
the  test  conditions  employed  in  this  study.  The 
Pfaudler  coating  was  not  included  in  this  ASD 
evaluation  program. 

Further  study  and  consideration  of  the  several 
coating  systems  available  for  both  columbium 
and  molybdenum  are  presently  under  way.  Coat¬ 
ings  will  be  chosen  with  consideration  of  end 
product  utility  as  well  as  of  the  more  limited  re¬ 
quirement  to  permit  performance  of  the  test  pro¬ 
gram,  Every  effort  will  be  made  to  select  the 
best  coating  system  available  for  each  material. 

A  decision  will  be  made  during  the  next  quarter 
on  which  coatings  to  recommend  for  evaluation 
and  approval. 


D.  BRAZING  STUDY  AND  EVALUATION 
1.  Braze  Alloy  Selection 

A  literature  survey  [37  to  43]  was  made 
prior  to  selecting  braze  alloy  systems  for  evalu¬ 
ation  with  the  two  base  materials,  TZM  molyb¬ 
denum  and  D-36  columbium. 

Selection  of  the  braze  alloys  for  evaluation 
was  governed  by  the  desired  applications  (hot 
structure  or  heat  shield)  and  their  operational 
temperatures.  For  structural  application,  TZM 
molybdenum  panels  should  be  limited  to  tem¬ 


peratures  below  those  which  will  cause  re¬ 
crystallization  (about  2600*  F  for  very  short 
periods,  2400*  to  2500*  F  for  longer  exposures). 
Structural  panels  of  D-36  are  not  similarly  re¬ 
stricted,  Heat  shield  panels  of  both  alloys  should 
be  capable  of  operational  temperatures  approach¬ 
ing  3000*  F. 

Braze  temperature  restrictions  for  both  alloys 
include: 

(1)  TZM  molybdenum 

Structural  panels.  Material  should  not 
be  recrystallized  during  brazing. 

Heat  shield  panels.  Braze  strength 
should  be  sufficient  to  withstand  low 
loading  at  3000®  F.  Braze-remelt  should 
be  greater  than  3100*  F. 

(2)  D-36  columbium 

Structural  panels.  There  are  no  braze 
temperature  restrictions,  except  for 
possible  grain  growth  problems.  Maxi¬ 
mum  contemplated  operational  tem¬ 
perature  is  about  2600*  F. 

Heat  shield  panels.  Braze  strength 
should  be  sufficient  to  withstand  low 
loading  at  3000*  F.  Braze-remelt  should 
be  greater  than  3100*  F. 

Generally,  the  maximum  operational  temper¬ 
ature  of  a  brazed  structural  panel  is  approximate¬ 
ly  200*  to  300*  F  lower  than  the  brazing  or  melt¬ 
ing  temperature  of  the  filler  alloy.  With  con¬ 
ventional  filler  alloys  that  braze  and  remelt  at 
the  same  temperature,  structural  TZM  molyb¬ 
denum  panels  would  be  limited  to  a  meiximum 
service  temperature  of  about  2300*  F.  Braze 
alloys,  which  would  braze  below  the  recrystal¬ 
lization  temperature  and  not  remelt  at  2900*  F 
or  higher,  would  permit  the  structural  panels  to 
be  employed  at  higher  temperatures.  Because 
extended  exposure  of  TZM  [9]  above  2400*  F  will 
cause  recrystallization  eventually,  structural  ap¬ 
plications  above  this  temperature  should  be  lim¬ 
ited  to  short  time  periods.  The  ability  to  with¬ 
stand  a  short  time  environment  above  2400*  F  is 
extremely  desirable  in  view  of  certain  aero¬ 
space  vehicle  applications. 

A  development  study  was  initiated  to  find  an 
acceptable  high  remelt  alloy  system.  The  liter¬ 
ature  survey  [39  to  43]  revealed  that  several 
methods  to  develop  high  remelt  temperature 
braze  alloys  are  being  investigated.  Reported 
techniques  include: 

(1)  Volatilization  of  a  liquidus  temperature 
depressant. 

(2)  Exothermic  reaction  brazing. 

(3)  Diffusion  alloying  and  diffusion  of  a 
liquidus  temperature  depressant. 
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Volatilization  technique.  The  volatilization 
technique  [¥0]  is  a  two-step  process.  Liquidus 
temperature  depressants  such  as  lithium,  phospho¬ 
rus  or  indium  are  added  to  the  basic  filler  alloy. 
The  initial  braze  must  be  made  in  an  inert  atmos¬ 
phere  at  ambient  pressures  to  retain  the  volatile 
constituent  until  melting  has  occurred.  Upon  com¬ 
pletion  of  the  reaction,  the  brazement  is  subjected 
to  low  pressures  (vacuum)  where  volatilization  of 
the  liquidus  temperature  depressant  is  effected. 
The  remelt  temperature  of  the  braze  alloy  is  thus 
increased;  increases  in  remelt  temperature  on 
the  order  of  800“  P  can  be  realized  by  employing 
this  technique. 

Exothermic  reaction  brazing.  Exothermic  re- 
action  brazing  [¥7]  is  a  process  wherein  both  the 
heat  for  brazing  and  the  braze  alloy  are  produced 
by  the  exothermic  reduction  of  compounds  of  the 
alloy  elements  by  a  more  reactive  element.  This 
technique  is  still  in  the  early  development  stages. 
Further  investigation  in  the  present  program  does 
not  appear  warranted  because  of  time  limitations. 
However,  this  process  may  prove  very  useful  for 
later  application. 


also,  long  time  diffusion  treatments  after  initial 
brazing  appear  to  have  little  effect  on  remelt 
temperature. 

Every  effort  will  be  made  to  utilize  this  brazing 
principle  where  possible  in  the  present  program. 

2.  Braze  Alloy  Evaluation 

To  determine  the  characteristics  of  the  se¬ 
lected  brazing  alloys,  T-joint,  laminate  and  sand¬ 
wich  panel  specimens  (Fig.  36)  are  being  used  for 
evaluation.  The  T-joint  specimen  serves  as  an 
initial  visual  screening  test  for  braze  alloy  wett¬ 
ability  and  filleting  characteristics.  Subsequent 
metallographic  examination  of  the  joint  is  made 
to  determine: 

(1)  Type  of  bond  (mechanical  oi-  metal¬ 
lurgical). 

(2)  Alloying  and/or  diffusion  character¬ 
istics  of  the  filler  alloy. 

(3)  Erosion  effects. 


Diffusion  alloying.  Diffusion  alloying  and  sub- 
sequeni  diffusion  of  the  liqUidus  temperature 
depressant  appears  to  be  the  most  promising 
method  [39]  to  attain  high  remelt  temperature 
braze  alloys.  Several  alloy  systems  (Table  5) 
have  been  selected  for  evaluation  with  both  the 
molybdenum  and  columbium  base  materials. 
Preparation  of  these  high  remelt  temperature 
alloys  is  in  progress.  Efforts  will  be  made  to 
develop  these  alloys  and  techniques  for  their 
utilization  in  the  program  within  the  time  period 
available  for  braze  alloy  evaluation  and  selection. 
With  this  method,  increases  in  remelt  temperature 
in  excess  of  1500“  F  have  been  reported.  The  use 
of  a  high  remelt  temperature  braze  alloy  would  be 
advantageous  for  fabrication  of  the  molybdenum 
structural  panels  in  that  the  maximum  application 
temperature  could  be  increased. 

The  principle  of  diffusion  alloying  to  achieve 
high  remelt  temperature  is  the  addition  of  an 
element  to  the  basic  braze  alloy  to  act  both  as 
a  liquidus  temperature  depressant  and  a  diffusant. 
Elements  such  as  boron  and  silicon  are  excellent 
examples.  In  the  case  of  platinum,  an  addition  of 
3.5%  boron  decreases  the  melting  point  of  platinum 
approximately  1500“  F.  Braze-remelt  tempera¬ 
tures  as  high  as  3800“  F  for  this  system  have 
been  acliieved  in  studies  with  tungsten  [39]  .  It 
has  been  indicated  that  the  possible  mechanism 
involved  in  obtaining  a  high  remelt  temperature 
for  this  alloy  system  depends  on  alloying  of  the 
major  filler  metal  constituent  with  the  base  ma¬ 
terial  and  the  reaction  of  the  liquidus  tempera¬ 
ture  depressant  with  the  base  alloy  to  form  high 
melting  temperature  intermediate  compounds. 

In  some  instances,  the  base  material  deliberately 
has  been  added  in  powdered  form  to  the  filler  al¬ 
loy  to  ensure  completeness  of  the  reaction  and/or 
reduce  the  fluidity  of  the  braze  material.  Pub¬ 
lished  data  [39]  show  dubious  benefits  of  ad¬ 
ditional  base  material  on  remelt  temperature; 


Laminate  specimens  are  helpful  in  determining 
the  wetting  action  of  a  braze  alloy  over  large  fay¬ 
ing  surface  areas  and  are  representative  of  an 
edge-member-to-panel  skin  joint.  The  honeycomb 
sandwich  specimen  is  used  for  the  final  evaluation 
of  promising  braze  alloys.  Action  of  the  braze 
alloy  on  the  thin  foil  core  is  checked  both  visually 
and  metallographically.  Each  of  the  alloys  selected 
for  evaluation  is  subjected  to  these  screening 
tests.  Final  selection  of  a  braze  alloy  for  the 
TZM  molybdenum  and  D-36  columbium  structural 
and  heat  shield  panels  will  be  contingent  on  the 
performance  of  the  alloys  in  these  tests. 

During  this  reporting  period,  a  number  of 
braze  alloys  have  been  evaluated  for  both  re¬ 
fractory  metal  alloys,  but  the  major  portion  of 
the  evaluation  work  to  date  has  been  conducted 
on  TZM. 

The  brazing  studies  are  being  conducted  in  a 
cold-wall  vacuum  furnace  (Fig.  37).  This  furnace 
has  a  13  by  13  by  12  inch  heating  zone  with 
tantalum  strip  heater  elements. 

All  specimens  are  being  chemically  cleaned 
prior  to  brazing,  employing  the  following  solu¬ 
tions: 

Molybdenum 


95%  HgSO^ 

4.5%  HNO.j 

0.5%  HF 
18.8  g/1  Cr.,0,, 

Both  of  these  solutions  are  heated  to  120“  to 
140“  F;  immersion  times  are  3  to  5  minute.s. 


Columbium 
10  to  15%  HF 

60%  HNO.^ 
HgO  balani-e 
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Braze  Alloy 

TABLE  5 

Selection  for  Study  and  Evaluation 

Braze  Alloys 

Composition 

Braze 

Temperature 

(°F) 

Haynes  25 

55Co,  20Cr,  15W,  lONi 

2600 

Inconel 

80Ni,  14Cr,  6Fe 

2550 

TZB 

48Ti,  48Zr,  4Be 

2600 

Palladium -copper 

60Pd,  40Cu 

2250 

Palladium 

lOOPd 

2900 

Titanium 

Commercially  pure 

3100 

Platinum -boron 

96.  5Pt,  3.  5B 

1600  (estimated) 

Palladium  -  silicon 

95Pd,  5Si 

1500  (estimated) 

Palladium  -boron 

99Pd,  IB 

1800  (estimated) 

Platinum-  silicon 

99.  5Pt,  4.  5Si 

1550  (estimated) 

Palladium -aluminum 

93Pd.  7A1 

2000  (estimated) 

Palladium -beryllium 

97Pd,  3Be 

1750  (estimated) 

TZB-2 

46Ti,  46Zr,  8Be 

2200  (estimated) 
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TZM  braze  alloy  evaluation.  Five  braze 
alloy  systems  (Table  6)  have  been  evaluated  with 
the  base  alloy  TZM:  Haynes  25,  Inconel,  TZB 
(48  Ti-48  Zr-4  Be),  palladium  and  titanium.  The 
Haynes  25  alloy  system  exhibits  satisfactory 
brazing  characteristics  for  the  structural  panels. 
This  alloy  flows  at  2600°  F  and  exhibits  excellent 
filleting  characteristics  (Fig.  39).  The  filler  alloy 
forms  a  metallurgical  or  alloy  bond  with  the  base 
material.  The  alloy  zone  is  relatively  narrow  and 
erosion  of  the  parent  metal  is  negligible. 

Figure  40  shows  a  cross  section  of  a  laminate 
specimen  brazed  with  Haynes  25.  No  void  areas 
were  noted  in  the  cross  sections  examined,  in¬ 
dicating  excellent  wetting  action  of  the  braze  alloy. 
In  order  to  protect  the  braze  alloy  during  applica¬ 
tion  of  the  oxidation  protection  coatings,  the  edge- 
member-to-skin  brazement  must  be  hermetically 
sealed.  The  proposed  method  for  sealing  is  elec¬ 
tron  beam  welding.  Figure  41  shows  that  this 
technique  is  feasible;  no  detrimental  effects  on 
the  weld  joint  were  noted  as  a  result  of  braze 
alloy  dilution  with  the  parent  material. 

A  section  of  honeycomb  panel  was  brazed 
with  Haynes  25.  A  photograph  of  the  panel  em¬ 
phasizing  the  core-to-skin  juncture  is  shown  in 
Fig.  42.  It  is  worthwhile  to  note  that  this  panel 
was  subsequently  sectioned  for  metallographic 
examination  of  the  brazed  joints  (Fig.  43)  without 
shattering  the  honeycomb  core.  Although  the  core 
recrystallized,  it  had  sufficient  ductility  to  permit 
sectioning. 

A  recrystallization  study  was  conducted  on 
0.002 -inch  TZM  foil.  This  material  was  com¬ 
pletely  recrystallized  after  5-minute  exposure 
at  2600°  F,  with  subsequent  grain  growth  for 
longer  periods  (Fig.  38).  The  0.015-inch  TZM 
sheet  used  in  the  brazing  studies  did  not  re¬ 
crystallize  after  5  minutes  at  2600°  F  (Fig.  39). 
The  differences  in  recrystallization  behavior 
between  the  foil  and  sheet  material  are  to  be  ex¬ 
pected,  since  the  recrystallization  temperature 
of  molybdenum  alloys  is  dependent  on  prior  proc¬ 
essing  history,  degree  of  strain  hardening  and 
other  factors. 

Attempts  to  utilize  Inconel,  a  nickel  base  alloy, 
as  a  brazing  material  were  not  successful.  T- 
joint  specimens  were  prepared  and  brazed  with 
Inconel  at  2550°  F.  Nickel  forms  a  brittle  inter- 
metallic  phase  with  molybdenum  and  the  joints 
did  not  exhibit  any  ductility.  The  literature  [40] 
indicated  that  the  formation  of  the  brittle  nickel- 
molybdenum  phase  could  be  eliminated  by  employ¬ 
ing  a  chromium  barrier  between  the  braze  and 
base  alloy.  However,  this  technique  was  not 
pursued,  since  Inconel  as  a  braze  material  offered 
no  advantages  over  Haynes  25. 

A  48  Ti-48  Zr-4  Be  alloy  was  prepared  and 
evaluated  for  joining  TZM.  This  alloy  was  de¬ 
veloped  by  the  Metallurgy  Division  of  Oak  Ridge 
National  Laboratory.  The  alloy  flows  at  approxi¬ 
mately  2000°  F  in  an  inert  atmosphere  and  it  was 
selected  initially  for  brazing  in  vacuum  in  an 


attempt  to  attain  a  higher  remelt  temperature. 
Brazing  tests  conducted  in  vacuum  indicated  that 
rapid  volatilization  of  the  beryllium  in  this  alloy 
system  would  raise  the  remelt  temperature  to 
approximately  3100°  F.  However,  successful 
brazed  joints  were  not  obtained  with  the  TZM 
alloy.  The  braze  alloy  did  not  exhibit  good 
filleting  and  wetting  characteristics  and,  as  a 
result,  poor  joint  strengths  were  obtained. 

While  only  the  high  remelt  temperature  alloys 
of  palladium  are  of  interest,  pure  palladium  was 
evaluated  to  determine  if  this  base  system  would 
have  any  deleterious  effects  on  TZM.  As  shown 
in  Fig.  44,  only  slight  alloying  has  occurred;  the 
brazing  temperature  was  2900°  F.  From  the  re¬ 
sults  obtained,  the  high  remelt  temperature 
palladium  base  alloy  systems  should  pose  no 
adverse  problems. 

Unalloyed  titanium  was  evaluated  as  a  braze 
material  for  the  molybdenum  alloy  heat  shield 
panels.  A  T-joint  and  laminate  of  TZM  brazed 
with  titanium  at  3100°  F  are  shown  in  Figs.  45 
and  46,  respectively.  An  alloy  zone  is  evident, 
but  the  zone  is  relatively  narrow.  A  qualitative 
bend  test  indicated  a  ductile  joint,  but  the  base 
material  exhibits  very  little  ductility.  A  honey¬ 
comb  panel  was  brazed  with  titanium  (Fig.  47) 
and  a  typical  core-to-skin  joint  is  shown  in  Fig. 

48.  The  core  is  extremely  brittle  and  had  to  be 
handled  carefully  in  order  to  section  the  panel. 

For  this  reason,  it  is  hoped  that  a  high  remelt 
temperature  braze  alloy  will  prove  satisfactory 
in  later  evaluation  studies. 

D-36  braze  alloy  evaluation.  Four  brazing 
materials  have  been  evaluated  for  the  D-36 
columbium  alloy  (Table  7).  Only  T-joint  and 
laminate  specimens  have  been  used  for  evalu¬ 
ation.  Receipt  of  D-36  foil  for  honeycomb  core 
is  scheduled  during  the  next  quarter.  The  braze 
materials  evaluated  are  a  titanium-zirconium- 
beryllium  alloy,  pure  palladium,  palladium- 
copper  and  unalloyed  titanium. 

The  TZB  braze  alloy  (48  Ti-48  Zr-4  Be) 
developed  very  satisfactory  brazements  with  D-36 
at  2550*  F.  The  alloy  exhibited  good  filleting 
and  wetting  characteristics  with  the  D-36  alloy, 
in  direct  contrast  to  the  results  obtained  for 
TZM.  A  T-joint  and  laminate  metallographic 
section  are  shown  in  Figs.  49  and  50,  respectively. 
An  alloy  bond  is  evident,  with  some  erosion 
of  the  base  material  (Fig.  49).  The  erosion  of 
the  base  alloy  is  slight  and  considered  acceptable. 
With  the  use  of  this  braze  alloy  system,  a  remelt 
temperature  of  3100°  F  is  expected,  although  this 
has  not  been  verified  through  tests.  A  test  appa¬ 
ratus  should  be  available  early  in  the  next  quarter 
for  determining  remelt  temperatures  of  the  bi-aze 
alloys  under  evaluation. 

Pure  palladium  was  evaluated  as  a  brazing 
material.  As  shown  in  Fig.  51,  the  palladium 
has  alloyed  severely  witli  the  base  material.  Prior 
brazing  experience  with  palladium  in  conjunction 
with  unalloyed  columbium  and  the  D-31  (Ch-lOTi- 
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10  Mo)  alloy  indicated  no  adverse  effects.  T-joint 
specimens  were  prepared  and  brazed  with  pure 
pedladium  at  2900’  F  to  verify  prior  test  results. 
Photomicrographs  of  these  T-joints  are  shown 
in  Figs.  52  and  53.  Very  little  alloying  or  erosion 
is  noted  for  the  columbium-palladium  brazement. 
However,  some  alloying  and  erosion  of  D-31  were 
obtained  with  pure  palladium.  In  neither  case  is 
the  alloying  and/or  erosion  as  severe  as  with  the 
D-36-palladium  combination.  The  D-36  alloy 
was  also  brazed  with  a  60  Pd-40  Cu  alloy  at 
2250°  F.  Alloying  and  erosion  of  the  parent  ma¬ 
terial  are  evident,  as  shown  in  Fig.  54,  although 
erosion  and  alloying  are  not  as  severe  as  in  the 
case  of  the  D-36-pure  palladium  brazement.  The 
respective  contributions  of  the  copper  and  pal¬ 
ladium  to  this  behavior  have  not  been  deter¬ 
mined. 

Difficulties  were  also  encountered  with 
commercially  pure  titanium  as  a  braze  material. 

A  T-joint  of  D-36  was  initially  brazed  with  ti¬ 
tanium  at  3100°  F.  However,  the  flow  and  filleting 
action  of  the  braze  material  were  not  satisfactory 
(Fig.  55).  The  brazing  temperature  was  increased 
to  3200°  F,  with  time  at  temperature  being  constant. 
Examination  of  this  brazed  joint  revealed  that 
severe  erosion  of  the  base  material  had  occurred 
(Fig.  56)  as  a  result  of  the  brazing  temperature 
increase.  It  appears  that  the  D-36  columbium 
alloy  is  sensitive  to  braze  variations  (filler  alloy 
and  temperature)  normally  considered  tolerable 
for  the  columbium  and  columbium  base  alloys 
previously  evaluated  in  our  laboratories.  Em¬ 
phasis  during  the  next  quarter  will  be  placed  on 
developing  satisfactory  brazing  alloys  and  tech¬ 
niques  for  the  D-36  alloy. 


E.  MANUFACTURING  PROCESS 
DEVELOPMENT 

The  purpose  of  this  phase  of  the  program  is 
to  develop  the  technology  necessary  to  fabricate 
the  brazed  columbium  and  molybdenum  honey¬ 
comb  sandwich  panels.  This  work  includes  form¬ 
ing,  machining  and  welding  of  the  D-36  columbium 
and  TZM  molybdenum.  These  metals  require 
special  handling  and  processing  and  do  not  lend 
themselves  to  standard  manufacturing  processes. 
State-of-the-art  advances  in  manufacturing  tech¬ 
nology  will  be  required.  Manufacturing  of  TZM 
molybdenum  and  D-36  columbium  honeycomb 
core  and  forming  of  the  heat  shield  pans  are  two 
of  the  required  developments. 

1.  Fabrication  of  Honeycomb  Core 

Three  methods  for  fabricating  the  honeycomb 
core  were  evaluated.  These  differ  primarily  in 
the  method  of  making  the  core  node  attachment. 
These  methods  are  diffusion  bonding,  spike  weld¬ 
ing  and  electron  beam  welding.  The  diffusion 
bonding  technique  should  develop  into  a  very  prac¬ 
tical  means  of  honeycomb  core  fabrication,  but 
the  present  state  of  the  art  in  diffusion  bonding 
is  not  advanced  to  the  degree  where  honeycomb 
cores  of  TZM  or  D-36  could  be  produced  for  this 


program.  Spike  welding  (high  voltage,  high  cur¬ 
rent  short  duration  impulse  spot  welding)  was 
not  successful  on  molybdenum  foil. 

A  Hamilton-Zeiss  electron  beam  welder  was 
used  to  establish  feasibility  of  electron  beam 
welding  TZM  molybdenum.  TZM  foil  (0.002  inch 
thick)  was  initially  welded  in  this  machine,  and 
two  4  X  2.5  X  2.5  inch  billets  of  3/ 16-inch  cell 
honeycomb  core  were  fabricated  (Fig.  59).  A 
photomicrograph  of  a  weld  joint  cut  from  one  of 
these  billets  is  shown  in  Fig.  60. 

The  electron  beam  welding  technique  was  se¬ 
lected  as  the  best  available  method  of  fabricating 
the  TZM  honeycomb  core. 

A  new  model,  high  voltage,  Hamilton-Zeiss 
electron  beam  qelder  (Figs.  61  and  62)  has  just 
been  installed.  This  model  has  a  larger  chamber 
and  is  capable  of  welding  at  speeds  up  to  100 
inches  per  minute.  After  the  machine  is  checked 
out  and  accepted,  a  study  will  be  conducted  to  de¬ 
termine  optimum  weld  settings  and  speeds.  This 
new  machine  will  be  used  to  fabricate  the  TZM 
honeycomb  core  for  the  test  panels. 

As  soon  as  D-36  columbium  foil  is  available, 
a  welding  study  will  be  made  to  evaluate  the  use 
of  resistance  welding  and  electron  beam  welding 
to  fabricate  honeycomb  core.  A  resistance  weld¬ 
ing  procedure  similar  to  that  shown  in  Fig.  62 
could  possibly  be  used. 

A  renite  template  (Fig.  58)  was  fabricated  for 
use  in  inspecting  the  corrugated  foil.  A  close 
check  of  the  corrugated  foil  is  necessary  to 
assure  that  the  axes  of  the  corrugation  are 
perpendicular  to  the  edges  of  the  foil.  If  the 
corrugations  are  not  dimensionally  correct,  the 
nodes  will  become  mismatched  to  such  a  degree 
somewhere  in  fabrication  of  the  core  billet  that 
they  cannot  be  joined. 

The  TZM  and  the  D-36  foils  will  be  cut  into 
18.5-inch  lengths  and  corrugated  in  a  special 
tool  (Fig.  57).  The  corrugating  tool  was  previously 
built  for  making  stainless  steel  honeycomb.  The 
corrugation  rolls  for  a  3/ 16-inch  square  cell 
honeycomb  core  were  reworked  to  allow  for  use 
with  the  0.002-inch  foil  as  required  in  the  pro¬ 
gram.  This  reworked  tool  was  used  to  corrugate 
the  small  quantity  of  TZM  foil  used  to  make  the 
4  by  2,5  by  2.5  inch  billets. 

2.  Preparation  of  Honeycomb  Core 

After  the  honeycomb  core  is  welded  into  a  bil¬ 
let  (14  by  14  by  4  inches),  it  is  cut  into  slab.s, 
which  are  then  finished  to  the  dimensions  re¬ 
quired.  Three  experimental  methods  were  eval¬ 
uated  in  an  effort  to  establish  the  best  method  to 
slab  and  finish  the  honeycomb  core.  These  meth¬ 
ods  were  checked  out  on  the  two  4  by  2.5  by  2.5 
inch  TZM  billets.  The  honeycomb  core  billet  was 
first  sawed  into  slabs  with  a  commercial  high 
speed  band  saw  (10,000  surface  feet  per  minute). 
After  slabbing,  the  honeycomb  core  was  finished 


ER  12249 


21 


to  the  required  dimension  (i  0.0015-inch  toler¬ 
ance).  The  three  methods  evaluated  were: 

(1)  A  disc  or  mushroom-type  cutter  used 
to  trim  the  core.  This  method  of  cut¬ 
ting  caused  tears  in  the  core  material 
and  was  abandoned. 

(2)  Hand  sanding  of  the  core  slab  to  the  re¬ 
quired  dimension.  As  an  alternate  to 
this  method,  another  slab  or  core  was 
machine  sanded.  Both  slabs  were  fin¬ 
ished  to  the  required  dimensions. 

(3)  A  4  by  2.5  by  2.5  inch  honeycomb  core 
billet  filled  with  an  acrylic  plastic,  then 
sawed  and  sanded.  After  the  sanding 
operation  the  acrylic  was  removed  with 
acetone. 

A  honeycomb  core  billet  and  a  slab  finished  by 
each  of  these  three  methods  are  shown  in  Fig.  59. 
Both  the  second  and  third  methods  are  capable  of 
producing  the  required  tolerances.  The  third 
method  is  the  more  accurate  of  the  two,  but  also 
is  the  more  time  consuming.  The  second  method, 
with  the  finishing  accomplished  by  machine  sanding, 
will  be  used  in  the  program.  If  any  problems  de¬ 
velop  with  this  method,  the  procedures  noted  in 
method  (3)  will  be  used. 

3.  Electron  Beam  Welding 

A  manufacturing  process  study  was  performed 
to  establish  the  best  configuration  for  the  struc¬ 
tural  panel  edge  members.  The  edge  members 
must  be  hermetically  sealed  to  protect  the  un¬ 
coated  honeycomb  core  from  oxidation  during 
high  temperature  exposure.  Special  attention 
is  required  in  sealing  the  corner  joints  of  the 
U -channel.  The  purposes  of  the  manufacturing 
study  were  to  determine  a  satisfactory  corner 
configuration  and  to  establish  the  matching  toler¬ 
ances  required  to  electron  beam  weld  the  panel 
corners.  A  mitered  corner  joint  was  originally 
chosen  in  the  test  panel  design  study.  The  study 
indicated  that  a  mitered  corner  joint  was  ac¬ 
ceptable  and  could  be  welded  if  the  channels  w'ere 
machined  to  within  0.002 -inch  tolerance.  A  pic¬ 
ture  of  the  U-channel  frame  which  was  welded 
in  this  study  is  shown  in  Fig.  64. 

The  edge  member  study  was  made  with  stain¬ 
less  steel,  since  neither  TZM  molybdenum  nor 
D-36  columbium  was  available.  Special  care  was 
used  to  be  sure  the  study  would  be  representative 
of  what  could  be  accomplished  with  the  TZM  and 
D-36. 

A  study  was  performed  to  determine  if  the 
electron  beam  welding  technique  could  be  used 
to  seal  around  the  periphery  of  the  test  panels. 

It  is  necessary  to  hermetically  seal  the  panels 
and  to  protect  the  braze  alloy  from  possible 
harmful  effects  from  contact  with  the  oxidation 
protection  coating.  The  study  consisted  of  taking 
two  one-inch  square  pieces  of  material  and  braz¬ 
ing  them  together.  After  brazing,  the  electron 


beam  was  passed  around  the  edge  of  the  specimen. 
This  caused  the  refractory  metal  to  melt  and  flow 
along  the  edge,  sealing  off  the  braze  alloy.  A 
photomicrograph  of  one  of  the  test  specimens  is 
shown  in  Fig.  41. 


F.  PANEL  TEST  METHODS 

Complete  panel  test  procedures  have  not  been 
formulated.  Present  plans  require  the  testing  of 
the  fiat  panels  in  a  picture  frame  shear  jig  and 
the  curved  panels  in  axial  compression.  The 
panels  will  be  tested  at  elevated  temperatures. 
Test  temperatures  will  be  determined  after  com¬ 
pletion  of  the  brazing  study.  The  temperature 
selection  will  be  based  on  strength  of  the  braze 
alloys  and  the  preliminary  design  studies. 

1.  Structural  Panel  Tests 

The  structural  honeycomb  panels  will  be 
heated  in  a  quartz-lamp  facility  and  loaded  in 
shear  and  compression  to  failure.  Special  edge 
members  will  be  welded  to  the  shear  panels  so 
that  the  panels  may  be  attached  with  special  fas¬ 
teners  (refractory  metal)  to  a  test  frame.  The 
test  methods  study  that  is  now  in  progress  indi¬ 
cates  that  there  are  no  insurmountable  problems 
in  accomplishing  the  planned  tests. 

The  main  area  being  given  consideration  is 
the  welding  of  the  shear  test  edge  members  to 
the  TZM  molybdenum  panel.  Studies  by  Hamilton 
Standard  in  the  electron  beam  welding  of  molyb¬ 
denum  [44)  report  sufficient  strengths  and  duc¬ 
tility  to  more  than  justify  this  test  application. 

Special  test  fixtures  and  load-applying  equip¬ 
ment  are  necessary  for  the  high  temperature  test¬ 
ing.  During  heating  and  cooling,  the  panels  can 
expand  and  contract  as  much  as  0.10  inch.  The 
test  fixtures  and  loading  equipment  must  be  de¬ 
signed  so  that  the  expansion  and  contraction  can 
take  place  without  thermal  stress  becoming  high 
enough  to  cause  the  panel  to  fail.  Current  plans 
require  the  use  of  a  special  hydraulic  test  ma¬ 
chine  and  superalloy  test  fixtures.  In  the  shear 
test,  the  panels  will  be  attached  to  the  fixture 
with  refractory  metal  bolts.  The  compression 
panels  will  be  simply  supported  on  the  ends  and 
sides. 

2.  Heat  Shield  Test 

Original  plans  require  cycling  the  heat  shield 
test  panels  at  elevated  temperatures  in  order  to 
establish  their  service  capabilities.  These  plans 
at  present  ri’main  unchanged,  but  a  final  method 
has  not  been  selected  for  testing  of  the  heat  shield 
panels.  Two  facilities  are  available  which  could 
be  used  to  test  the  lieat  shield  panels.  One  of 
these  is  a  quartz-lamp  facility  (Fig.  6."))  and  the 
other  is  a  hot-gas  facility  (similar  but  lai-ger  than 
that  shown  in  Fig.  34).  Both  facilities  have  theii- 
advantages  and  disadvantages.  A  study  is  being 
conducted  to  determine  which  method  will  be 
most  suitable  for  panel  testing. 
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The  heat  shield  panel  will  be  supported  on 
four  flexible  clips  during  testing.  These  clips 
will  be  welded  to  the  back  face  of  the  panel.  The 
other  end  of  the  support  clip  will  be  bolted  to  a 
water-cooled  plate.  This  type  of  mounting  sys¬ 
tem  is  representative  of  a  typical  vehicle  appli¬ 
cation. 

If  the  quartz-lamp  facility  is  selected  for  test¬ 
ing  the  heat  shield  panels,  a  random  progressive 
wave  generator  will  be  used  to  apply  a  sonic  ex¬ 
citation  to  some  of  the  panels.  This  sonic  excita¬ 
tion  will  be  applied  in  order  to  determine  if  the 
high  frequency  straining  might  cause  failures  in 
the  brittle  diffusion  zone  of  the  oxidation  pro¬ 
tection  coatings.  The  hot-gas  facility  creates  its 
own  sonic  noise  field. 

3.  Small  Specimen  Tests 


A  high  temperature  cold -wall  vacuum  test 
furnace  is  being  procured  for  testing  material 
and  honeycomb  core  properties.  The  furnace  will 
have  a  chamber  large  enough  to  test  beams  and 
compression  specimens,  as  well  as  tensile  speci¬ 
mens,  to  a  temperature  of  about  4000°  F.  The 
maximum  test  temperature  planned  for  the  pro¬ 
gram  is  at  or  about  3000°  F.  The  furnace  will  be 
equipped  so  that  stress-strain  or  load -deflection 
curves  can  be  obtained  at  elevated  temperatures. 
This  furnace  is  not  to  be  charged  to  this  contract, 
inasmuch  as  it  is  expected  to  become  a  part  of 
our  regular  laboratory  equipment  inventory. 

The  unfailed  portions  of  all  test  panels  will 
be  cut  into  small  specimens  and  tested  in  a  vac¬ 
uum  furnace  to  determine  the  facing  and  honey¬ 
comb  core  properties.  This  testing  will  include: 

Specimen 

Size 

(in.) 


(1) 

Column  compression  test 

2  X 

3 

(2) 

Flatwise  cmpression  test 

2  X 

2 

(3) 

Flexure  beam  test 

2  X 

10 

(4) 

Shear  beam  test 

2  X 

6 

(5) 

Tensile  test  of  facing 

1  X 

7 
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III.  CONCLUSIONS 


Several  conclusions  can  be  drawn  from  the 
results  and  evaluations  of  the  studies  made  in 
the  program.  The  following  general  conclusions 
were  formed: 

(1)  The  D-36  columbium  and  the  TZM 
molybdenum  alloys  were  selected  for 
use  in  the  program. 

(2)  As  soon  as  the  stronger  columbium 
alloys  with  higher  strength -weight 
ratios  become  available  in  the  thin 
foil  and  sheet  forms,  they  should  be 
considered  for  brazed  honeycomb 
application. 


(3)  Every  attempt  should  be  made  to  ob¬ 
tain  a  higher  remelt  temperature 
braze  alloy  for  structural  applica¬ 
tions  of  TZM  molybdenum  alloy. 

(4)  The  electron  beam  technique  is  the 
best  method  available  for  welding 
TZM  molybdenum .  Electron  beam 
welded  joints  in  TZM  honeycomb 
core  have  sufficient  ductility  to  with 
stand  the  straining  and  vibrations  of 
slabbing  and  sanding. 
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IV.  PROGRAM  MANAGEMENT 


The  program  is  currently  in  Phase  I,  with  the 
braze  alloy  evaluation,  manufacturing  tool  design, 
oxidation  protection  coating  survey  and  the  man¬ 
ufacturing  methods  studies  now  in  progress.  On 
these  items,  the  program  is  proceeding  accord¬ 
ing  to  schedule.  The  preliminary  design  and  anal¬ 
ysis  and  the  materials  survey  have  been  completed. 

The  purchase  orders  for  the  TZM  molybdenum 
and  D-36  columbium  are  being  delayed  while  the 
Material  Specifications  are  negotiated  with  duPont 
and  Universal  Cyclops  Steel  Corporation.  Since 
duPont  is  the  sole  source  for  the  columbium,  they 
have  already  started  production  of  D-36.  Univer¬ 
sal  Cyclops  Steel  Corporation  was  notified  on 
1  February  1962  that  they  were  selected  as  the 
supplier  for  the  TZM  molybdenum.  If  Universal 
Cyclops  Steel  Corporation  takes  quick  action  on 
the  purchase  order,  there  should  be  no  delay  in 
the  program  schedule.  Every  effort  will  be  made 
to  assure  that  duPont  and  Universal  Cyclops  meet 
the  delivery  schedules. 

In  July  1961,  our  laboratory  started  an  in- 
house  program  to  develop  methods  of  application 


and  to  evaluate  the  Al-Sn  coating  for  molybdenum 
The  main  attractions  of  this  coating  were  its  re¬ 
ported  ability  to  protect  the  specimen  edges  and 
the  simplicity  of  applying  the  coating.  Test  re¬ 
sults  indicate  that  the  Al-Sn  coating  system  pro¬ 
vides  acceptable  protection  to  3000°  F. 

Every  effort  will  be  made  to  develop  a  high 
remelt  temperature  braze  alloy  for  the  struc¬ 
tural  molybdenum  application,  but  it  is  not  be¬ 
lieved  to  be  consistent  with  the  objectives  of  the 
program  to  jeopardize  the  schedule  or  make  any 
excessive  expenditures  in  these  attempts. 

Because  of  the  high  cost  of  the  refractory 
metals,  every  effort  will  be  made  in  fabrication 
of  the  test  panel  details  to  keep  the  number  of 
rejects  to  a  minimum.  Where  possible,  all  re¬ 
jected  parts  will  be  reworked  to  acceptable  tol¬ 
erances.  The  material  from  the  rejected  parts 
will  be  used  to  determine  material  property  data, 
to  check  braze  alloy  strengths,  and  to  evaluate 
the  effects  of  oxidation  protection  coatings  on 
the  tensile  properties  of  the  refractory  metals. 
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V.  FUTURE  WORK 


Work  during  the  next  quarter  will  be  concen¬ 
trated  in  the  following  areas: 

(1)  Selection  of  the  oxidation  protection 
coating. 

(2)  Completion  of  the  braze  alloy  evalua¬ 
tion  study. 

(3)  Fabrication  of  all  tools  necessary  for 


forming,  machining  and  welding  of 
test  panel  details. 

(4)  Complete  formulation  of  test  proce¬ 
dures  and  initiation  of  fabrication  of 
test  fixtures. 

(5)  Establishment  of  all  necessary  manu 
facturing  procedures. 
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Fig.  1.  Ultimate  Tensile  Strength  Versus  Temperature- -Selected  Columbium 
Alloys 
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Fig.  2.  Strength/ Density  Versus  Temperature --Selected  Columbium  Alloys 
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Fig.  3.  Ultimate  Tensile  Strength  Versus  Temperature- -Selected  Molybdenum 
Alloys 
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TEMPERATURE  (“F) 

Fig.  4.  TZM  Molybdenum- -Modulus  of  Elasticity  and  Modulus  of  Rigidity  at 
Temperature 
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Fig.  5.  D-36  Columbium- -Modulus  of  Elasticity  and  Modulus  of 
Rigidity  at  Temperature 
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Fig.  7.  Plasticity  Correction  Curve--D-36  Columbium  Alloy- 
Room  Temperature  and  Elevated  Temperature 
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Fig.  8.  Honeycomb  Core  Density  for  Various  Core  Thicknesses,  Cell 
Sizes  and  Materials 
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Fig.  9,  Honeycomb  Core  Shear  Strengths 
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Fig.  10.  Honeycomb  Core  Flatwise  Compressive  Strength 
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Fig.  11.  Honeycomb  Core  Shear  Modulus 
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Fig.  13.  Core  Strength  Under  Combined  Loads 
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Fig.  14.  Test  Panels  Critical  Compressive  Buckling  Stress- -TZM 
Molybdenum 
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Fig.  15.  Test  Panels  Critical  Compressive  Buckling  Stress--D-36 
Columbium 
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Fig.  16.  Test  Panel  Critical  Shear  Buckling  Stress--TZM  Molybdenum 
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Fig.  18.  Test  Panel- -Strength- Weight  Versus  Core  and  Facing 
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Fig,  20.  Types  of  Failure 
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Fig.  21.  Test  Panel  Critical  Facing  Dimpling  Stress--TZM 
Molybdenum 
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Fig.  22.  Test  Panel  Critical  Facing  Dimpling  Stress--D-36  Columbium 
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Fig.  23.  Strength- Weight  Versus  Optimum  Core  Thickness--TZM 
Molybdenum  Test  Panels 
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(Optimn  Cor#  Thiekness  for  Compression  Test 
Panels  at  Various  Temperatures  and  Pacing  IQiielcnesses ) 


Fig.  24.  Strength- Weight  Versus  Optimum  Core  Thickness--D-36 
Columbium  Test  Panels 
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Fig.  29.  Outer  and  Inner  Surface  Temperature  of  Molybdenum  Honey¬ 
comb  During  a  Thermal  Shock 
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Fig.  30.  Outer  and  Inner  Surface  Temperature  of  Columbium  Honeycomb 
During  a  Thermal  Shock 
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Fig.  31.  Heat  Shield  Panel — Facing  Stress  at  Various  Air  Loads  and 
Panel  Variables 
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Fig.  33.  Heat  Shield  Panel--Core  Shear  Stress  at  Various  Air  Loads, 
Support  Diameters  and  Panel  Thicknesses 
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Fig,  34.  Seven -Inch  Hot  Gas  Facility- -4 -Inch  Diameter  Al-Sn  Coated 
Molybdenum  Specimen  in  Test 
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Fig.  35.  Four-Inch  Diameter  Al-Sn  Coated  Molybdenum 
Specimen  After  Testing 
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Fig.  37.  Cold-Wall  Vacuum  Brazi 
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MIO  Mil  M12  M13 


Photomicrograph  showing  that  recrystallization 
of  TZM  0.002  foil  occurs  within  5  minutes 
at  2600°  F  with  attending  grain  growth  for 
longer  time  periods.  (400x) 

MIO 
Mil 
M12 
M13 

Fig.  38.  TZM  Foil  Recrystallization 


Specimens 
TZM--as  received 

2600°--5  min 
2600°--15  min 
2600°--30  min 
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1  ZM  T  -juinl  bra/ed  wilh 
Haynew  2=  alloy  at  2600^  P’. 
Some  alloying  has  occurred 
with  negligible  erosion  of 
base  material.  (75x) 


Fig.  39.  TZM  Brazed  T-Joint 
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TZM  laminate  brazed  with  Haynes  25 
alloy  at  2600°  F.  The  lack  of  void 
areas  indicates  the  excellent  wettability 
of  the  braze  alloy.  (75x) 
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A-43 


A  photomicrograph  showing  a  typical 
TZM  core-to-skin  fillet.  The  panel 
was  brazed  at  2600®  F  with  Haynes  25 
alloy.  (200x) 


Fig.  43.  Typical  TZM  Core-to-Skin  Fillet 
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A  TZM  T-joint  brazed  with 
commercially  pure  titanium  at  3100°  F. 

An  alloy  bond  is  evident  with  slight 
erosion  of  the  parent  metal.  (75x) 

Fig.  45.  TZM  T-Joint--Pure  Titanium  Braze 
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Fig,  46.  TZM  Laminate- -Pure  Titanium  Braze 
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Sandwich  Panel- -Pure 


A-50 


pLl 


CD 

CD 

I 

P 


0) 

m 

I 

oS 

.c!  tjH 

a  I 
nJ  ••-' 
U  h 

be  CO 
O 

a  % 

S'O 

O  0) 
Xi  N 
a  nJ 

x> 


(1) 

+j  in 


0)  XI 
0) 


c 

a 

rt 

X 

0^ 

CO 

c 

o 

•  fH 
-♦-> 
o 
0) 
CO 


O  CO 
>  CO 

S  o 


0) 

N 

cd 

u 

m 

0) 

I 

u 

N 

I 

H 

I 

I 

0) 

■fj 

cd 

G 

•H 

a 

cj 

CO 

Q 

o 

m 

ti 

•  pH 

Ixj 


ER  12249 


A-51 


TS 
n) 
1-^ 
f— < 

nJ 

a 


!-i 
;=! 
o 
o 
o 

0) 

3  nJ  ni 

s 

r;  bJO  , 

•rH  -rH  <1? 

^  o  :;:! 

XI  ::H  ■« 

tu^ 

XI  0)  0) 
>  to 
^  0)  rt 
.5  W  X3 
O 

•r“ 

I 


r-I  XI' 

!-< 

0) 


’  •  ^ 

C 
a> 

(D 


X  o 
ro  O 

I  03 

q  CVJ 


XJ  o 

O  I 

C  -I 

0)  H 

xio 

>  V 

CU 

0) 

03  U 
XI  O 

«  6 

to  X2 

B 

3 
G 
O 


q; 
rt  XI 


o 
u 

■4—* 

o  ^ 
oJ  U 
q;  ;3 
0-. 


<D 

SI 

rt 

m 

B 

•rH 

TJ 

OJ 

r-H 

r*H 

nJ 

(Xi 

(1) 

G 

3 

Ph 


C 

o 

*-D 

I 

H 

CD 

CO 

I 

Q 


lO 

W) 


ER  12249 


A-55 


<D 

Jh  tJjO 


d 

C 

1 

tuO 

aj 


00  a.: 

I 


>>  4) 


•  H  X 


ni 

01 

N 

ci 

U 

XI 


:d  -H  nJ 


S  ? 

2  -a 
O  0) 
X  N 
a  ni 

<  XI 


01 

3 
+-» 
ni 
in 
0) 
0)  a 

£  6 

o 

o  s 


cti  ni 


0) 

tsi 

ni 

U 

ffl 

a 

3 

•t—i 

a 

d 


o 

u 

:3 

a, 

I 

I 


o 

I 

h 

CD 

CO 

I 

Q 


lO 

m 


tuo 

•  rH 

[x 


ER  12249 


A -57 


Honeycomb  Core  for  Fabricating 
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Fig.  58.  Renite  Template  for  Inspec 
of  Corrugated  Foil 
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Photomicrograph  of  cross  section  of  TZM  Molybdenum 
core  welded  by  Electron  Beam  Method  showing 
metallographic  structure  characteristics  of 
weldment.  (320x) 

Fig.  60.  Electron  Beam  Welding- -TZM  Molybdenum  Core 
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Fig.  61.  Electron  Beam  Welder 
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Fig.  62.  Electron  Beam  Welding  Chamber 
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Fig.  63.  Resistance  Welding  of  Honeycomb  Core 
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Fig.  64.  Simulated  Edge  Members  in  Stainless  Steel-Electron 
Beam  Welded 


A-65 
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Fig.  65.  Quartz  Lamp  Heating  Unit 
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ANALYSIS  OF  THERMAL  GRADIENT 
THROUGH  HONEYCOMB  PANELS 
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APPENDIX  B 


ANALYSIS  OF  THERMAL  GRADIENT 
THROUGH  HONEYCOMB  PANELS 


I.  GENERAL  DISCUSSION 


With  a  heating  cycle  applied  to  the  outer  sur¬ 
face  of  a  honeycomb  panel,  it  is  desired  to  deter¬ 
mine  the  thermal  gradient  between  the  outer  and 
inner  faces  of  the  panel.  A  procedure  developed 
by  Swann  and  Pittman  was  used  to  analyze  the 
problem.  This  technical  note  [  19,20]  outlines 
a  method  for  determining  the  effective  thermal 
conductivity  of  honeycomb  panels.  Swann  and 
Pittman  analyzed  the  effective  thermal  conduc¬ 
tivity  at  the  panel's  mean  temperature  during 
steady-state  conditions. 

In  this  analysis,  steady-state  conditions  are 
assumed  to  exist  during  small  time  intervals,  and 
transient  heating  conditions  were  analyzed  by  using 
small  successive  time  increments.  The  effective 
thermal  conductivity  used  in  this  analysis  includes 
the  three  modes  of  heat  transfer:  radiation,  con¬ 
duction  and  convection.  With  the  panel  configura¬ 
tion  given,  and  an  inside  surface  temperature  at 
the  end  of  a  time  interval  assumed,  the  effective 
thermal  conductivity  during  that  time  interval  can 
be  determined.  With  this  effective  thermal  conduc¬ 
tivity,  the  inside  surface  temperature  can  be  cal¬ 
culated  by  using  a  general  heat  balance  equation. 

If  the  assumed  and  calculated  values  of  the  inside 
surface  temperatures  do  not  agree,  the  procedure 
is  repeated  until  they  do  agree.  Once  these  two  in¬ 
side  temperatures  are  in  agreement,  an  inside  sur¬ 
face  temperature  at  the  end  of  the  next  time  incre¬ 
ment  is  assumed,  and  the  above  procedure  is 
repeated. 


II.  THE  SPECIFIC  PROBLEM 


For  any  given  heating  cycle  applied  to  the 
outer  surface  of  molybdenum  or  columbium  honey¬ 
comb  panels,  determine  the  inner  surface  tempera¬ 
ture  at  various  times. 

Given: 

(1)  Outer  surface  temperature  {°F)  as  a 
function  of  time. 

(2)  Height  of  honeycomb  core  (L) 

(3)  Cell  diameter  (D) 

(4)  Weight  of  inner  face  per  square  foot 

(5)  Weight  of  core  per  square  foot  (W'^) 

(6)  Solidity  of  core  (A.‘^) 

Density  of  core/density  of  skin 


(7) 

(8) 
(9) 

(10) 

(11) 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 


Stefan- Boltzmann  constant  (o) 

0.174  X  10"®  Btu/ft®-hr-°R^ 

Initial  inner  surface  temperature  (T^) 

Thermal  conductivity  of  molybdenum  or 
columbium 

Specific  heat  of  molybdenum  or  colum¬ 
bium 

Emissivity  of  molybdenum  of  columbium 
III.  SOLUTION 


Determine  outer  temperature  (T^)  at 
each  0.50  second  interval 

Determine  the  mean  panel  temperature 
during  first  time  interval 

Determine  thermal  conductivity,  specific 
heat,  and  emissivity  of  core  material  at 
panel's  mean  temperature 

Assume  inner  surface  temperature  (T^g) 

Using  =  (oeL/k  aA)^^®T^ 

and  f.g  =  (oeL/kA  A)'-^®T.2, 

determine  T„  and  T.„ 

O  lb 

Using  the  equation: 


+  0.664  (V+  0.3)‘°-®®  e 


(f„®  +  T..®)  (T„  +  f.,) 

0  O 

where  \  =  L/D 
Note: 

The  expression  above  was  found  by  a 
process  of  trial  and  error;  it  is  based 
upon  1,200  calculated  values  of  effective 
thermal  conductivity  ratio,  with  a  maxi¬ 
mum  deviation  of  6.5  %. 

determine  k  /kAA 
e 

(7)  Calculate  k 

e 

(8)  Calculate  the  heat  flow  (q)  using: 

q  <-^0  -  '^i2) 
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(9)  Using  the  heat  balance  equation: 
qAt  =  W^  (Cp) 

where; 

Wg  =  Effective  weight 

=  W  /4  +  W 
e'  s 

Tj,  j  =  Temperature  of  inner  surface  at 
beginning  of  the  time  increment 

T^2  “  Temperature  of  inner  surface  at 
end  of  the  time  increment 

determine  Tj2 

(10)  Compare  the  (T^2)  calculated  in  step  9 

with  the  assumed  value.  If  the  assumed 
(Ti2)  does  not  agree  with  the  calculated 

(T^2^.  assume  another  value  of  (Tj2^ 
and  repeat  steps  5  through  lO. 

(11)  If  the  assumed  (Tj^2)  does  agree  with  the 

calculated  S°  the  next  time  in¬ 

crement.  Let  (T^)  equal  the  previous 
(Ti2)  for  the  new  time  increment.  Repeat 
steps  2  through  10. 

The  method  of  solution  described  previously 
was  programmed  in  FORTRAN.  FORTRAN  is  an 
automatic  coding  system  with  a  language  that 
closely  resembles  the  language  of  mathematics. 

The  FORTRAN  language  is  a  concise,  convenient 
means  of  stating  the  steps  to  be  carried  out  by 
IBM  computers  in  solving  many  types  of  problems. 

The  thermal  gradient  through  a  honeycomb 
panel  was  determined  for  two  different  thermal 
cycles  for  both  the  molybdenum  and  the  columbium 
honeycomb  panels.  The  thermal  cycles  selected 
represent  typical  aerospace  vehicle  design  criteria. 
The  program  procedures  for  one  thermal  cycle  and 
the  molybdenum  alloy  panel  are  presented  in  this 
report.  The  results  of  both  cycles  on  both  materials 
are  plotted  in  Figs.  27,  28,  29,  and  30  of  Appendix  A. 


IV.  SAMPLE  PROBLEM 


What  is  the  temperature  of  the  inside  face  of 
a  molybdenum  honeycomb  panel  (shown  below)  at 
any  time  if  at  (t  =  0)  both  surfaces  are  assumed 
to  be  at  2440”  F,  and  the  outside  temperature  starts 
to  increase  at  the  rate  of  50°  F/sec  until  2750°  F  is 
reached?  The  outside  face  is  held  at  2750°  F  for 
10  seconds  then  decreased  at  a  rate  of  15°  F/sec 
until  t  =  32.0  seconds. 


L  =  1/4,  3/8,  1/2,  5/8 
3/4,  7/8,  1.0,  1.5 


A.  SOLUTION 

The  method  of  solution  described  previously 
was  programmed  in  FORTRAN. 

The  program  was  written  in  floating  point, 
and  the  input  was  represented  as  shown  on  the 
sketch  on  the  next  page. 


B.  FLOATING  POINT  INPUT  VALUES 


(1) 

H 

(2) 

THIS 

(3) 

DENS 

(4) 

DENC 

(5) 

DIA 

(6) 

TEIj 

(7) 

TEIA 

(8) 

BOL 

(9) 

U 

(10) 

El 

=  0.0208,  0.031E,  0.Q417.,  0.0520, 
0.0625,  0,0729,  0.0833,  0.1250, 
and  0.1667.  Core  thickness 
(ft) 


(ft) 

=  637.0  density  of  face 
(Ib/ft^) 

=  10.7  density  of  core  (Ib/ft^) 

=  0.0156  core  diameter  (ft) 

=  2440.0  initial  inside  face 
temperature  (°F) 


temperature  at  the  end  of  the 
first  time  increment  (°F) 

=  0.174  X  10  ®  Stefan- Boltzmann 
constant  (Btu/ft-hr-°R^) 

=  58.50  X  10”®  slope  of 
emissivity  curve  (per  °F) 

=  0.024  intersection  of 
emissivity  curve 


ER  12249 


B-5 


Physical  Properties  of  Molybdenum 


Specific  Heat 


Thermal  Conductivity 


Mean  Panel  Temperature  (°F) 


(11) 

V 

“  6 

=  17.50  X  10  slope  of  specific 

(18) 

R 

heat  curve  (Btu/lb-'’F^) 

(12) 

CPI 

=  0.064  constant  specific 

(19) 

C 

heat  (Btu/lb-°F) 

(13) 

TEUl 

=  1340.0  temperature  at  which 

(20) 

B 

specific  heat  curve  changes 
slope  (°F) 

(14) 

W 

=  -14.05  X  10”^  slope  of  thermal 

(21) 

S 

conductivity  curve  (Btu/hr-ft- 
•pZ) 

(22) 

Til 

(15) 

D1 

=  40.50  constant  thermal  con¬ 

(16) 

ductivity  (Btu/hr-ft-°F) 

(23) 

T.„ 

D2 

=  86.00  intersection  of  thermal 

i2 

conductivity  curve 
(Btu/hr-ft-V) 

(24) 

T., 

i3 

(17) 

TEU2 

=  3240.0  temperature  at  which 

thermal  conductivity  changes 
slope  (°F) 

(25) 

DT 

=  50.0  rate  of  temperature  in¬ 
crease  of  outer  face  (°F/sec) 

=  2440.0  initial  outer  face  tem¬ 
perature  (°F) 

=  2750.0  constant  outer  face 
temperature  beginning  at  T.. 
and  ending  T^^  ^ 

=  15.00  rate  of  temperature 
decrease  on  outer  face  (°F/sec) 

=  6.20  time  at  which  temperature 
on  outer  face  stops  increasing 
(sec) 

=  16.20  time  at  end  of  constant 
heating  of  outer  face  (sec) 

=  32.00  time  at  end  of  thermal 
shock  (sec) 

=  0.50  time  increment  (sec) 
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Flow  Diagram 
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STRUCTURAL  DESIGN  OF  HEAT  SHIELDS 
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APPENDIX  C 


STRUCTURAL  DESIGN  OF  HEAT  SHIELDS 


I.  BASIC  PROBLEM 


The  basic  structural  problem  is  that  of  a 
plate  supported  at  four  points. 


difference  equations  for  the  plate  deflections. 

The  effects  of  the  shear  in  the  plate  were  neglected 
(Ref.  1).  Such  a  solution  with  a  grid  spacing  of  a/5 
is  very  reasonable  for  panel  design  purposes. 


y 


a  =  half  length  of  edge 

q  =  dynamic  pressure 
(psi) 


A  solution  was  obtained  by  making  finite  differ-  Ref.  1.  Appendix  B,  Section  F,  Structures  Report, 

ence  approximations  of  the  governing  differential  Vol,  III  Dyna-Soar  Project,  Ws  454 L  Contract  No. 

equations  and  then  algebraically  solving  the  finite  AF33(600)-37705,  Martin  ER-10373  Classified 

Secret,  Work  done  by  Bell  in  Study  contract. 
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II.  FINITE  DIFFERENCE  GRID 
USED  IN  SOLUTION 


Support  reactions  are  at  Point  6.  All  edges  are 
free.  The  panel  is  symmetrical  about  the  x  and 
y  axes. 


Y 


<6  X.  j3  Of  E 
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III.  PLATE  DEFLECTION  VALUES 


Solution  of  the  finite  difference  equations  gave 
the  following  values  for  the  deflection  of  the  plate: 


Wi 

= 

3.155K 

w 

a 

5.5239K 

'"2 

= 

1.5925K 

'^b 

= 

3.3672K 

'^3 

= 

2.7545K 

w 

c 

= 

3.4374K 

'^4 

= 

4.3409K 

'"d 

= 

4.1672K 

'^5 

= 

4.9361K 

w 

e 

= 

4.2827K 

'^6 

= 

0.00 

w 

a 

= 

7.5432K 

= 

2.6402K 

= 

4.4738K 

'"8 

= 

5.0852K 

w 

V 

= 

3.9223K 

'^9 

= 

5.9972K 

w 

6 

= 

4.1779K 

'^10 

= 

4.7453K 

w 

( 

= 

3.6987K 

'"ll 

= 

6.9003K 

"'e 

= 

12.164K 

'^12 

= 

7.7546K 

"'a 

= 

8.441K 

'*'13 

= 

8.6913K 

'*'14 

= 

9.4163K 

'*'15 

= 

10.089K 

where 


IV.  BENDING  MOMENTS 


From  pure  bending  theory  of  a  flat  plate,  the 
bending  moment  at  any  point  in  a  plate  in  the  x 
and  y  directions  is 


The  finite  difference  approximation  for 
8^w 

and  - ^  is 


8^  w  . 

- 2~  "  "T  ^'^a  ■  '^c^ 

^  o  c 


8^  w 


9y 


\2 


(w^  -  2w„  +  w  .) 


where  "o"  is  the  point  in  question.  The  terms 
"^a'  "'b'  "^c’  "^d'  "'o  “^^signate  respectively  the 

deflection  function  of  the  points  to  the  right,  above, 
left,  below  and  of  the  point  in  question.  The  de¬ 
flection  functions  for  this  case  are  given  in  the 
column  at  the  left. 


y 


The  bending  moments  at  an  angle  of  45°  to 
the  x-x  and  y-y  axes  can  be  found  by  using  a 
rotated  grid  as  shown  below 


y 


2  2 

a'^w  aw 

O  j.  „  o 

- T  ^  ^  - T 

8y'  8x' 
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M 


/  8^  w  8^  w  \ 

'  =  -°( - f +  ^ - T  ) 

o  \  8x'  8y''‘  / 


where 


a2 

°  w  , 

8x'‘^  2\  ^  o  c 


fl2 
8  W 


T  =  ::^  <'^b'  -  2%  +  w^,) 


8y'‘  2\" 

V.  ANALYSIS  OF  PLATE 


(1)  Find  M  .  and  M  ,  at  Point  15 
x'  y' 


M 


M 


/  »2^v  a2 

=  -dI — §■  — I 

\  8x'^  8y' 


^  [5.509K] 


2X‘ 


M 


M 


D  (7. 9003K)+ (5.509)1 

L  2  X  2  X  J 

(7.9003  +  5.509^  )j 


My,  =  -jqx2  [7.9003  +  5.509^] 

The  minus  sign  indicates  negative 
moment,  negative  moment  causes 
tension  in  the  outer  face. 

(3)  The  moments  found  in  Parts  1  and  2 
are  in  Ib/in.  of  width.  To  find  the 
stress  in  the  facing  use, 

Mc_ 

I 

where 


»2 
8  w 


a^w 


_  X 

8y'^  ^ 

<2-15  - 

M  ,  = 
x' 

-D  |(1  +p)  [ 

1-  (w 

X2  <-15 

= 

X2  <-15 

--13> 

2W13) 


w, ,  -  w,„  =  +1.3977K 
10  13 


M  . 


_  D(1 


^1.3977  3^'j 


M^,  =  +1.3977\^  (1  +#i)q 


The  plus  sign  indicates  positive 
moment,  positive  moment  causes 
compression  in  the  outer  face. 

(2)  Find  M  ,  at  Point  6 

y 


M 


/  82w  a^w  \ 

'  =  ^ - t) 

\  8y'  8x'  / 


■  I 


T  -  1  t  h2 

I  -  2 


tpr 


or 


f  - 

'  ■  tjh 

A  nomograph  (Fig.  31)  was  made  for  deter¬ 
mining  the  panel  facing  stress  from  a  given  air¬ 
load,  panel  thickness  and  facing  thickness.  Two 
more  curves  are  given  for  the  determination  of 
the  core  stress.  Figure  32  shows  core  com¬ 
pressive  stress  as  a  function  of  support  diameter 
and  airload.  Figure  33  shows  core  shear  stress 
as  a  function  of  support  diameter,  panel  depth 
and  airload.  The  panels  are  assumed  to  be  sup¬ 
ported  on  round  supports  at  0.2  (f)  in  from  the 
panel  edges  (■*  is  the  panel  edge  length). 


S^w  . 

- ^  =  -Av  [3.155K  -  2(0)  +  4.7453K] 

8y'  2\ 


S^w 


8x' 


Ar  [7.9003K] 
2  X"^ 


A5-  [2.7545K  -  2(0)  +  2.7545K] 
2X 
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TEST  PANEL  DESIGN  DRAWINGS 
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NOTES'.  I.  EXTRA  FLAP  MAT'L. TO  BE  USED  TO  COMPLETE  SEALING  OPERATION  AT  DIAGONAL  CORNER  RADII. 

ALTERNATE  METHODS  OF  MAKING  CORNER  SEAL  WILL  BE  DETERMINED  BY  M.R&D  USING  STL/STL  MODELS. 

2. FORMING  DETAIL  CUT  TO  BE  MADE  AT  START  OF  BEND  RADIUS. 

3  MIN.  BEND  RADII  WILL  BE  EXPERIMENTALLY  DETERMINED  UPON  RECEIPT  OF  MAT'l. 

4  HONEYCOMB  CORE  TO  BE  SlECD  TO  INSIDE  DIMS  OP  PANEL  ASSV 

5. FLANGC  TABS  TO  BE  CUT  OFFAFTER  WELDING. 

G.PANEL  ASSVSTO  BE  HERMETICALLY  SEALED  BY  WELDIMG.(APTER  BRAEING) 

7.  HONEYCOMB  THICKNESS  TO  BE  SI^ED  TO  INSIDE  DIM.  OF  PANEL  ASSV  WITHIN  -.0015. 

6. DOUBLCR(-ll,-lS)TO  BE  BRAEED  TO  PAN  AMD  WELDED  (ALL  AROUND)  FOR  HERMETiCAL  SEAL  AFTER  BRAZING. 

9. TU6E<-I5,*I7>  TO  BE  WELDED  AT  BOTH  ENOS  (ALL  AROUND  POR  WERMETICAL  SEAL. (MACHINE  FLUSH  AFTER  ASSV) 

10. CLlPC-^^•^S>  TO  BE  BUTT  WELDED  lO  DOUBLER  (-1 1 , -IS). 
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NOTES'  1.  EXTRA  TLAP  MATlTO  6E  USCP  TO  COMPLETE  SCALING  OPERATION  AT  DIAGONAL  CORNER  RADII. 

ALTERNATE  METHODS  OP  MAKING  CORNER  SEAL  WILL  SC  DETERMINED  SY  M.R.RDU9ING  STL./STL.  MODELS, 
a  FORMING  DETAIL  CUT  TO  SC  MADE  AT  START  OF  SEND  RADIUS. 

S.  MIN.  SEND  RADII  WILL  fiC  EXPERIMENTALLY  DETERMINED  UPON  RCCC I PT  OF  MAtI  . 

4.  MONEYCOMB  CORE  TO  BC  SIRED  TO  INSIDE  DIMS.  OF  PANEL  ASSV. 

S  flange  tabs  to  be  cut  off  after  WELDING. 

G  PANEL  ASSVS  TO  BC  HERMETICALLY  SCALED  BY  WELDING.  (AFTER  BRAZING) 

7  HONEYCOMB  THICKNESS  TO  BE  SIZED  TO  INSIDE  DIMS.  OF  PANEL  ASSV  WITHIN  -  .0015. 
a.  CURVED  SURFACES  MUST  MATCH  BRAZING  FIXTURE  WITHIN  t.OOlC. 
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10.  TUBE  (-21, -iS)  TO  BC  welded  AT  BOTH  ENDS  (ALL  AROUND  POR  HCRMETICAL  SEAL. (MACHINE  FLUSH  AFTER  ASSV) 

1 1.  CLIP  (-25,-27)  TO  BC  BUTT  WELDED  TO  DOUBLCR(-l5, -17). 
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